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ABSTRACT 

Context. This study deals with infrared bubbles, the H n regions they enclose, and triggered massive-star formation on their borders. 
Aims. We attempt to determine the nature of the bubbles observed by Spitzer in the Galactic plane, mainly to establish if possible 
their association with massive stars. We take advantage of the very simple morphology of these objects to search for star formation 
triggered by H n regions, and to estimate the importance of this mode of star formation. 

Methods. We consider a sample of 102 bubbles detected by Spitzer-GLIMPSE, and catalogued by Churchwell et al. (2006; hereafter 
CH06). We use mid-infrared and radio-continuum public data (respectively the Spitzer-GUMPSE and -MIPSGAL surveys and the 
MAGPIS and VGPS surveys) to discuss their nature. We use the ATLASGAL survey at 870 yum to search for dense neutral material 
collected on their borders. The 870 yum data traces the distribution of cold dust, thus of the dense neutral material where stars may 
form. 

Results. We find that 86% of the bubbles contain ionized gas detected by means of its radio-continuum emission at 20-cm. Thus, 
most of the bubbles observed at 8.0 /im enclose Hn regions ionized by 0-B2 stars. This finding differs from the earlier CH06 results 
(~25% of the bubbles enclosing Hn regions). Ninety-eight percent of the bubbles exhibit 24 yum emission in their central regions. 
The ionized regions at the center of the 8.0 yimi bubbles seem to be devoid of PAHs but contain hot dust. PAH emission at 8.0 yimi is 
observed in the direction of the photodissociation regions surrounding the ionized gas. 

Among the 65 regions for which the angular resolution of the observations is high enough to resolve the spatial distribution of cold 
dust at 870 ^m, we find that 40% are surrounded by cold dust, and that another 28% contain interacting condensations. The former 
are good candidates for the collect and collapse process, as they display an accumulation of dense material at their borders. The 
latter are good candidates for the compression of pre-existing condensations by the ionized gas. Thirteen bubbles exhibit associated 
ultracompact H n regions in the direction of dust condensations adjacent to their ionization fronts. Another five show methanol masers 
in similar condensations. 

Conclusions. Our results suggest that more than a quarter of the bubbles may have triggered the formation of massive objects. 
Therefore, star formation triggered by Hn regions may be an important process, especially for massive-star formation. 

Key words. Stars: formation - Stars: early-type - ISM: Hn regions 



1. Introduction 

The Sp/fzer-GLIMPSE images at 8.0 yum (Benjamin et al. 
I2003I I have revealed a "bubbling Galactic disk" (Churchwell et 
al. I2006 ; hereafter CH06). About 600 ring structures have been 
detected and catalogued between longitudes -60° and +60° by 
CH06 and Churchwell et al. d2007l >. Most of these bubbles have 
angular diameters smaller than 10'; according to Churchwell 
et al. (12007b . many more bubbles are present, with smaller or 
larger diameters. Thus, understanding the origin of these bub- 
bles is important. After comparison with catalogues of known 
radio Hn regions and catalogues of star clusters, CH06 con- 
clude that "about 25% of the bubbles coincide with known radio 
Hu regions, and about 13% enclose known star clusters. It ap- 
pears that B4-B9 stars probably produce about three-quarters 
of the bubbles in our sample." This conclusion, which we dis- 



agree with, was based mainly on a comparison with the Paladini 
et al. ( 12003 l l catalog of diffuse and compact H n regions, which 
have a typical angular extent of a few arcmins. This catalogue 
is based on previously published lists of H n regions obtained 
from single-dish medium resolution observations, typically with 
beamwidths of a few arcmin. Thus, many ultracompact (UC) or 
compact H n regions, which could possibly be associated with 
Spitzer bubbles, are absent from the Paladini et al. (|2003) cata- 
logue. To improve this situation, we have used the Multi-Array 
Galactic Plane Imaging Survey (MAGPIS), a radio-continuum 
survey conducted with the NRAO Very Large Array (VLA) 
at 20-cm. The angular resolution of MAGPIS ( 5"), allows 
us to detect compact and ultracompact (UC) H n regions with 
small angular sizes. We have also utilized data from the Spitzer- 
MIPSGAL survey at 24 pm (Carey et al. l2Q091 >. These data show 



2 



L. Deharveng et al.: A gallery of bubbles 




Fig. 1. Model of a spherical Hn region expanding into a homo- 
geneous medium. The ionized region is surrounded by a shell of 
dense neutral material collected during the expansion phase. 



the extended emission of hot dust and also possibly the emission 
from associated young stellar objects (YSOs). This study is pre- 
sented in Section 4, after a general introduction about the forma- 
tion and evolution of an H n region in Section 2, and the descrip- 
tion of the surveys in Section 3. We have studied one hundred 
and two bubbles, allowing us to derive statistical conclusions. 

In Section 5, we take advantage of the very simple morphol- 
ogy of the bubbles to search for dense neutral shells and conden- 
sations surrounding the H n regions. These condensations are po- 
tential sites of star formation. This work is based on the APEX0 
Telescope Large Area Survey of the Galactic plane at 870 fim 
(ATLASGAL; Schuller et al. 120091 1 . Because it is sensitive to 
the emission from cold dust, the ATLASGAL survey detects the 
dense cores inside which stars form. The distribution of cold dust 
(and thus the distribution of dense molecular material) also re- 
flects the interaction between the bubbles and their surroundings. 

In Section 6, once again, we take advantage of the simple 
morphology of these regions to discuss the influence of the en- 
vironment on the shape of the bubbles, and the distribution of 
various types of dust grains. We present several possible cases 
of massive-star formation triggered by the expansion of Hn re- 
gions. Detailed studies of the most interesting regions in terms 
of triggered star formation will be given in a forthcoming paper. 

2. Morphology and evolution of an Hh region 

We consider a simple model of H n region evolution in which an 
H ii region forms and evolves in a uniform medium of density 
no atoms crrT 3 (Fig.m). The ionizing flux of the central exciting 
star is N* photons s . According to Dyson & Williams ( 119971 1, 
two main phases can be distinguished during the life of the H n 
region: 

• First, there is a short formation phase during which the 
central star rapidly ionizes the neutral medium. Because of the 
speed at which the neutral medium is ionized, the neutral and 
ionized gases are at rest with respect to each other and at the 

1 This publication is based on data acquired with the Atacama 
Pathfinder Experiment (APEX). APEX is a collaboration between 
the Max-Planck-Institut fur Radioastronomie, the European Southern 
Observatory, and the Onsala Space Observatory 



same density (n e = no). For no = 10 cm" 3 and N t = 10 49 pho- 
tons s _1 (the ionizing photon flux of an 06V star), this phase 
lasts about 50 years. At the end of this phase, for these values of 
n e and N*, the radius of the Stromgren sphere is Rq ~ 0.15 pc. 

• The formation phase is followed by a long expansion 
phase. Because of the higher pressure in the warm ionized gas 
(T e ~ 10 4 K) than in the cold neutral surrounding medium (T in 
the range 10-100 K), the Hn region expands. This expansion is 
supersonic; the ionization front (IF) is preceded by a shock front 
(SF) on the neutral side. With time, the size and mass of the Hn 
region increase, whereas the electron density and the expansion 
velocity decrease. The expansion ceases when the ionized gas 
reaches pressure equilibrium with the surrounding neutral gas. 
Except in a high density medium, this equilibrium is not reached 
before the death of the central exciting star. For example, for ex- 
pansion in a uniform medium of density no — 100 crrT 3 , and for 
N* = 10 49 photons s _1 , equilibrium is reached after 80 x 10 6 yr 
when the radius of the Hn region is R ~ 34Ro, and the elec- 
tron density n e ~ 0.5 crrr 3 . The exciting star has left the main- 
sequence at this time, as the lifetime of an 06 star is of the order 
of 8 x 10 6 yr (Schaller et al. [19921 . 

During the expansion of the Hn region, neutral material 
accumulates between the IF and the SF. A layer of dense neutral 
material builds up around the ionized region. With time, this 
layer becomes very massive, perhaps several thousand solar 
masses (Hosokawa & Inutsuka 2006b). A new generation 
of stars may form in the collected layer (see Sect. 5). The 
dynamical expansion of ionization and dissociation fronts 
around a massive star has been simulated by Hosokawa & 
Inutsuka (2005 2006a 2006b), taking into account the transfer 
of UV and FUV radiation, the thermal equilibrium of the 
gas, and the dissociation of the H2 and CO molecules. These 
simulations show that the density in the shell is 10 to 100 
times higher than the ambient gas density and that the highest 
densities are found in the outer parts of the shell. They show that 
the shell becomes gravitationally unstable, first in its outer parts, 
and that the gas is mainly molecular at the time of gravitational 
collapse. 

This model is very simple and neglects several well-known 
facets of H 11 region evolution: 

• Inhomogeneus neutral material. It is difficult to believe 
that an Hn region of a several parsec diameter can evolve in 
a perfectly uniform medium. The surrounding medium is most 
likely turbulent (Falgarone & Phillips, |19961 l, and thus highly 
inhomogeneous. Hn regions forming and evolving in a turbu- 
lent medium were simulated by Mellema et al. ((2006 ), who 
illustrated the highly irregular shape of the Hn region's IF. 
Some other simulations of a shock propagating into a turbulent 
medium (Elmegreen et al. 1 19951 1 show that the clumps formed 
by turbulence are squeezed and collected into the compressed 
layer, and merge into a few massive cores. These cores pro- 
trude slightly into the ionized gas, forming bright rims. Massive 
stars form in dense cores that contain density gradients. Icke 
(119791 ). for example, considers the initial formation of H 11 re- 
gions (their first phase) in a medium presenting an exponential 
density distribution. The H 11 regions are egg-shaped (elongated 
in the directions of lower density); they may even be open in 
these directions if the ionizing photon flux is high or if the am- 
bient density is low. The formation and expansion of Hn re- 
gions in clouds with a power-law density stratification, r~ w , and 
in isothermal self-gravitating disks was described by Franco et 
al. d!990i For power-law profiles, there is a critical value of w 
above which the cloud is entirely ionized. During the expansion 
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phase, w cr it = 3/2. For clouds with w < 3/2, the Hn region 
expands and neutral material is collected in a shell around the 
ionized region. For clouds with w > 3/2, a "champagne phase" 
occurs, as described in Tenorio-Tagle ( 1979): the dense ionized 
part of the cloud expands supersonic ally into the low-density 
surrounding ionized medium. After the champagne phase, there 
is no additional accumulation of neutral material around the H n 
region. Bisbas et al. (2009) simulated another situation of the 
expansion of an off-center H n region formed in a homogeneous 
cloud. Here again, the H n region opens on the outside when the 
IF reaches the edge of the cloud. All these departures from evo- 
lution in a homogeneous medium act to destroy the spherical 
symmetry of the H n region, and reduce the efficiency of collect- 
ing material during its expansion phase. 

• Stellar winds emitted by the exciting stars. Capriotti & 
Kozminski (2001) and Freyer et al. d2003 2006) developed an- 
alytical models and hydrodynamical simulations of H n regions, 
including stellar winds. At the beginning of its evolution, the 
young H n region should not be significantly affected by the wind 
of its exciting star(s). With time, the wind strengthens (espe- 
cially at the end of the star's lifetime, in the Wolf-Rayet stage). 
A stellar- wind bubble filled of very hot (T~10 6 K), low density, 
shocked gas forms inside the H n region. The X-ray emission 
of this gas has been observed for Ml 7 and the Rosette Nebula 
(Townsley et al. l2003l , and the Orion Nebula (Giidel et al. l2008l) . 
It is often claimed that the many bubbles observed in the Galactic 
plane are the result of the action of powerful winds (CH06), but 
this remains to be established. The presence of a central hole 
in the distribution of the ionized gas may be the indirect sig- 
nature of the action of stellar winds, as discussed by Watson et 
al. 00081120091 . 

• A magnetic field. Krumholz, Stone & Gardiner (12007b 
present a simulation of an H n region expanding into a magne- 
tised gas. This simulation shows that magnetic fields suppress 
the sweeping up of gas perpendicular to magnetic field lines. 
This leads to a non-spherical Hn region, elongated in the direc- 
tion of the magnetic field, bounded by a dense shell of swept-up 
gas in the direction along the field, but not perpendicular to it. 
The authors conclude that this may reduce the efficiency of star 
formation triggered by H n regions. 

• The radiation-pressure of the exciting stars. Krumholz & 
Matzner (2009 ) evaluated the role of radiation pressure in the 
dynamics of Hn regions. They demonstrated that it is unimpor- 
tant for H ii regions driven by a handful of massive stars (which 
is the case for the H n regions discussed in this paper). 

We describe the morphology of the 102 bubbles discussed 
here in Sect. 6.1. 

3. Surveys used in this study 

3.1. The Spitzer-GLIMPSE and -MIPSGAL surveys 

The bubbles catalogued by CH06 have been detected at 8.0 pm 
in the 5/?/fzer-GLIMPSE survey of the Galactic plane (Benjamin 
et al. l2003l . This survey extends from I = 295° to 65°, \b\ < 1°, 
with additional latitude coverage near the Galactic center. At 
8.0 pm, the angular resolution of the Spitzer IRAC instrument 
is Y.'9 (Fazio et al. 2004). We also use images at 24 pm from 
the S/?/fzer-MIPSGAL survey (Carey et al. |2009l l, which has the 
same Galactic coverage. The resolution of the Spitzer MIPS in- 
strument is 6" at 24 pm (Rieke et al. 12004b . 

The Spitzer-IRAC filter centered on 8.0 pm contains the 
7.7 pm and 8.6 pm emission bands generally attributed to poly- 
cyclic aromatic hydrocarbon (PAH) molecules or clusters of 



molecules. Infrared emission from PAHs is observed in the di- 
rection of photo-dissociation regions (PDRs), where they are ex- 
cited by the absorption of far-UV photons leaking from H n re- 
gions. Thus, PAH emission is a good tracer of ionization fronts. 
The PAH emission bands are superimposed on continuum emis- 
sion generally attributed to the PAHs and/or to very small grains 
(VSGs) that are out of thermal equilibrium after absorption of 
high energy photons (Leger & Puget, |1984t Sellgre n, |1984t 
Deser t, Boulanger & Puget, [1990; Draine & Li, l20071 Tielens, 
2008 and references therein). The distribution of PAHs is dis- 
cussed in Sect. 6.2. 

The Spitzer-MIPS filter centered on 24 pm is dominated by 
continuum emission, which may be due to very small grains 
(VSGs) being out of thermal equilibrium, or to big grains (BGs) 
being in thermal equilibrium. (The maximum of the Planck func- 
tion B v for dust grains in equilibrium at 120 K is at A — 24 pm). 
This point is discussed in Sect.6.3. 

3.2. The MAGPIS survey 

The Multi-Array Galactic Plane Imaging Survey (MAGPIS; 
Helfand et al. 2006) is a 20-cm VLA continuum survey of the 
Galactic plane. This survey spans I = 5° to 48° and \b\ < 0.8°. It 
has a resolution of ~ 5", a detection threshold in the range 1-2 
mJy, and a high dynamic range ~ 1000:1. The VLA images were 
combined with images from the Effelsberg 100-m telescope to 
account for the flux from large-scale structures. The high reso- 
lution of the MAGPIS survey allows the detection of the free- 
free emission from compact and ultracompact H n regions that 
are small in angular size. It is especially useful when looking 
for (second-generation) UC H n regions at the borders of large 
(first-generation) Hn regions (Sect. 6.5). 

We used the MAGPIS websit^] and especially the image 
"cutout" facility to extract, for each bubble, MAGPIS 20-cm, 
Spz'fcer-GLIMPSE 8.0 pm, and Sp/fzer-MIPSGAL 24 pm im- 
ages. These images have user-specified center and size. They are 
regridded to have the same number of pixels (with a pixel size of 
2"), which makes the comparison of the same object at different 
wavelengths easier. The sizes of the extracted fields are multi- 
ples of 5' (up to 30'), depending on the size of the bubbles. The 
sizes of these fields, and thus of the colour images presented in 
Sect. 4, are given in Table A. 1 . 

3.3. The VGPS survey 

For MAGPIS fields that are too noisy or not sensitive enough, we 
used the continuum data from the VLA Galactic Plane Survey at 
21-cm (VGPS, Stil et al. 120061 This survey extends from I = 
18° to 67°, with \b\ varying from 1.3° to 2.6° over the longitude 
range. The Hi line and continuum emission observations at 21- 
cm have a resolution (FWHM) of 1'. In our analysis, we have 
oversampled the VGPS maps from their native 18" pixels to 2" 
pixels to allow comparison with the 8.0 pm and 24 pm images 
obtained with the MAGPIS cut-out facility. 

3.4. The ATLASGAL survey at 870 pm 

ATLASGAL is the APEX Telescope Large Area Survey of the 
Galaxy at 870 pm (Schuller et al. 12009k This survey covers 
the inner Galactic plane, I = 300° to 60°, \b\ < 1.5°, with an 
rms noise in the range 0.05-0.07 Jy/beam. The calibration un- 
certainty in the final maps is of the order of 15%. 

2 http://third.ucllnl.org/gps/ 
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LABOCA, the Large Apex BOlometer CAmera used for 
these observations, is a 295-pixel bolometer array developed 
by the Max-Planck-Institut fur Radioastronomie (Siringo et 
al. l20071 l. The beam size at 870 fim is 1972. The observations are 
reduced using the Bolometer array data Analysis package (BoA; 
Schuller et al. in preparation). During the reduction, and as a 
result of the correction for correlated noise, uniformly extended 
emission (on scales larger than 2.5') that mimics variations in the 
sky emission (skynoise) is filtered out. This can be a problem for 
our analysis, as we search for extended structures. 

The continuum emission at 870 fim is dominated by the ther- 
mal emission from cold dust. Low temperature dust is contained 
in dense material: dense molecular cores or filaments. These 
structures are the places where stars form. 

4. The nature of the bubbles observed by Spitzer 

We study one hundred and two bubbles from 10° to 48°, with 
\b\ < -0?8. This longitude range represents the overlap between 
the CH06 catalogue and the MAGPIS survey. A few bubbles 
from the list of CH06 are missing in our sample. Bubbles N5 and 
N19 are too high in latitude to be mapped by MAGPIS. Bubbles 
N17, N30, and N38 are entirely surrounded by the larger N16, 
N29, and N39 bubbles. Bubbles N63 and N88, are supernova 
remnants (SNRs) and we do not include them in the present 
study (see CH06 and references therein). We added 1 1 new bub- 
bles found in the observed fields close to the CH06 bubbles 
(called Nxxbis, if in the field of Nxx; otherwise, named by their 
Galactic longitude). Three of the bubbles of our sample are in- 
cluded in the study of Watson et al. (120081) ; they are N10, N21, 
and N49. 

For each of these bubbles, we compiled two-color composite 
images with PHOTOSHOP to compare the emission of the ion- 
ized gas to that of the dust at 8.0 fim and 24 fim. We show twelve 
of these images in Fig.|2](N13, N33, and N42) and Fig.[3](N4, 
N14, and N36). In these figures^] red shows the hot dust emis- 
sion at 24 fim (top rows) or the ionized gas free-free emission 
at 20-cm (bottom rows). Turquoise shows the 8.0 fim emission 
tracing the bubbles. 

Images for all the bubbles can be found onlin^] The name 
of these images begins with the name of the bubble, followed 
by "_8+24" or "_8+MAGPIS" or "_8+VGPS", indicating 
which frames have been combined (8 and 24 are for 8.0 fim and 
24 fim). For example, Nl_8+24.eps and Nl_8+MAGPIS.eps 
are the names of the two color images relating to the Nl bubble. 
When several sources are present in the same field they have 
been identified; otherwise the bubble is always in the center of 
the field. 

Based on the MAGPIS or VGPS data, we determined 
whether the bubbles are surrounding Hn regions. Our con- 
clusions are presented in Table A.l (Appendix A), available 
online. Column 1 is their identification name. Their Galactic 
coordinates from CH06 are given in Cols. 2 and 3. Column 
4 gives the angular size of the fields analyzed (these are also 
the size of the colour images). Columns 5 and 6 comment on 



3 These images are RGB color images; the Red channel contains the 
24 fim or radio-continuum image; the Green and Blue channels contain 
the same Sfim image, thus the turquoise color for the 8 fim emitting 
regions. The RGB color model is an additive color model; thus a region 
with both 24 fim and 8 fim emission (or both radio and 8 fim emission) 
will appear in white, independently of the intensity of these emissions. 

4 http://lamwws.oamp.fr/bubbles 



the presence or absence of the radio-continuum and the 24 fim 
extended emissions. Column 7 provides our conclusions about 
the nature of the bubbles (whether they are surrounding Hn 
regions). 

Of the 102 bubbles studied here, 88 (86%) enclose Hn 
regions, as they contain ionized gas detected via their radio- 
continuum emission. This strongly differs from the conclusions 
of CH06 who stated that only one-quarter of the bubbles enclose 
H ii regions (the other three-quarter being associated with non- 
ionizing B4-B9 stars). 

Furthermore, the percentage of bubbles enclosing Hn re- 
gions is probably still underestimated here, and may increase to 
93%. The VGPS survey shows radio emission in the direction of 
a number of small bubbles not detected by MAGPIS: N48, N71, 
N84, N85, and N87. However, because radio emission is also 
observed outside these bubbles, and the resolution of the VGPS 
(1') is comparable to the size of these bubbles, their nature as 
H ii regions is questionable; we are unsure wether these bubbles 
enclose Hn regions (thus the "?" in Table A.l, Col. 7, for then- 
nature). In addition, N64bis is observed in the direction of a 
very bright 20-cm radio source (the SNR W44 or G034.6-00.5), 
preventing the detection of any faint emission associated with 
the bubble. The nature of N6, a complex bubble, is also unclear. 
This bubble is composed of two different structures: an open 
and faint bubble in the northeast, and a filamentary ionization 
front in the southwest. Both structures appear as filaments at 
24 fim, but they are possibly not linked. 

Extended 24 fim emission is observed in the direction of 
the PDRs and inside the bubbles. Ninety-eight percent of the 
bubbles exhibit extended 24 fim emission enclosed within the 
bubble. The only exceptions are N7 and N 15. The bubble N7 lies 
on the border of a bright molecular condensation enclosing the 
most active parts of the active and complex star-forming region 
W33 (Beck, Kelly & Lacv [19981 . The bubble N15 lies on the 
border of M17, an extremely luminous massive star-formation 
region. Both N7 and N15 do not seem to be individual bubbles 
but appear to be filaments at the periphery of active Hn regions; 
they are possibly caused by the expansion of very hot gas. 

The origin and distribution of the 8.0 fim and 24 fim emis- 
sions are discussed in Sees. 6.2 and 6.3. 

5. The neutral environment of the bubbles as seen 
by ATLASGAL 

We now study the distribution of the dense neutral material 
traced using the ATLASGAL survey at 870 fim that is associ- 
ated with the bubbles and their enclosed Hn regions. We take 
advantage of their simple morphology to detect the material 
collected during their expansion phase. 

During the expansion of an H n region, neutral material accu- 
mulates between the ionization and shock fronts, forming a shell 
of dense material (10 to 100 times the density of the neutral sur- 
rounding material) surrounding the ionized gas. With time the 
mass of this shell increases, reaching thousands of solar masses 
(see Sect. 2). The shell is dense and is mainly molecular. Thus, it 
should contain cold dust, which radiates in the (sub-)millimeter 
range. It is the thermal emission from this cold dust that is ob- 
served with the APEX-LABOCA camera at 870 fim. 

This shell is an important component of the photodissocia- 
tion region (PDR). It may become gravitationally unstable, lead- 
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N13 5'X5' 24 urn 8 |im N33 5' X 5' 24 jim 8 iim N42 5'X5' 24 8 jam 




Fig. 2. Examples of three bubbles that are small in angular size. All the fields are 5'x 5'. Turquoise is the 5/?/fzer-GLIMPSE images 
at 8.0 yum, which defines the bubbles. Red is the Spitzer-MIPSGAL emission at 24 //m from hot dust (top row) or MAGPIS 20-cm 
radio continuum emission from the ionized gas (bottom row). Directions in which both the 8 pun and 24 yum emission (or both the 
8 /urn and radio emission) are present appear in white, independent of the intensity of the emission. Equivalent images for the entire 
sample are available online. 



ing to star formation. In theory, stars of all masses can form 
in this shell around Hn regions (cf Fig. |4}. Small-scale grav- 
itational instabilities (for example Jeans instabilities) can lead 
to the formation of low-mass stars. Large-scale gravitational in- 
stabilities along the collected shell can lead to the formation of 
massive fragments, potential sites of massive-star formation; this 
is the "collect & collapse" process (Elmegreen & Lada ll977l l. 
The ionizing radiation can also act on a turbulent medium, form- 
ing peculiar structures such as fingers or pillars (Gritschneder et 
al. 2009), and pre-existing condensations can be compressed by 
the pressure of the ionized gas. (This mechanism is often called 
"radiation-driven implosion" of a condensation, but "radiation- 
driven compression" would be better as no observations indicate 
that star formation occurs during the implosion). Good illustra- 
tions of star formation triggered by the expansion of H n regions 
are given by the RCW 79 (Zavagno et al. l2"0"06i > and RCW 120 
(Deharveng et al. 2009) bubbles. 

In the following, we use the ATLASGAL survey to search 
for the following signatures: 

• A shell of cold dust emission material, surrounding the ion- 
ized Hn region and adjacent to the 8.0 //m bubble. 

• Massive fragments, observed elongated along the IF. These 
fragments are expected if the shell is already fragmented by 



means of the collect & collapse process; they should have masses 
of several tens or hundreds of solar masses. These fragments 
should not distort the IF because they are formed from collected 
material that moves at the same velocity as the ionization and 
shock fronts. 

• Massive condensations protruding inside the ionized re- 
gion. This is the signature of pre-existing massive condensa- 
tions; they distort the shape of the ionization front because their 
velocity differs from that of the IF. They are dense, thus bor- 
dered by bright rims at 8.0 /im and by bright radio emission on 
the ionized side. 

• Thin structures, such as fingers or pillars, protuding inside 
the ionized gas. These are signatures of a turbulent medium. 
These structures are expected to be of low mass, and should 
therefore be more difficult to detect for distant bubbles. These 
dense pillars should also be bordered by bright rims at 8.0 //m. 

Young stellar objects (YSOs) should be present in the PDRs 
surrounding the Hn regions. They can be identified based on 
their infrared (IR) colours (see the discussion in Robitaille et 
al. [2008 ). Since the stars share the velocity of the material in- 
side which they form, the second-generation stars, formed in the 
collected layer by gravitational instabilities, should be observed 
later on in the direction of the collected material (or slightly in 
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24 8|xm N14 10'X10' 



24 (.im 8 \im N36 10'X10' 4 pm 8 




Fig.3. Examples of three bubbles that are large in angular size. All the fields are 10' x 10'. The colours are the same as in Fig. [2] 



front, on the neutral side, if they have formed early in the evo- 
lution of the Hn region, when its expansion velocity was large). 
The stars formed in compressed pre-existing globules should be 
seen in the direction of the H 11 region. In this paper, we try to 
identify only the most massive second-generation stars, which 
are those able to ionize second-generation H 11 regions. 

5.1. The ATLASGAL images 

We first used the interactive software sky atlas Aladir|^]to su- 
perimpose the ATLASGAL images (and isocontours) on the 
Spitzer-GLIMPSE 8.0 /mi and 24 fim images. In a second step, 
we used the Kang IDL softwar^jto superimpose ATLASGAL 
isocontours on GLIMPSE 8.0 /mi, MIPSGAL 24 fim, and 
MAGPIS 20-cm data. For the GLIMPSE and MIPSGAL data, 
we used a logarithmic scaling to create the background images in 
the figures. For the MAGPIS data, however, a logarithmic scal- 
ing accentuated the noise in the images and we instead used a 
linear scaling. We calculated the standard deviation over each 
fields (<r value) using the IDL routine "mmm'j^jfound in the IDL 
Astronomy User's Library. The lowest contour level in our fig- 



5 http://aladin.u-strasbg.fr/ 

6 http://www.bu.edu/iar/kang/. 
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ures is the l-cr level and the contour levels increase in multiples 
of the l-cr level. 

All of these images are available online]^] The name 
of each image begins with the name of the bubble, fol- 
lowed by "_ 870+8", or "_ 870+24", or "_ 870+MAGPIS", or 
"-870+VGPS" to indicate the frame on which the 870 fim con- 
tours have been superimposed. For example, Nl_ 870+8. eps, 
Nl_870+24.eps, and Nl_870+MAGPIS.eps are the images re- 
lating to the Nl bubble. The 870 fim l-cr level is given for each 
field. 



5.2. The distribution of dense neutral material 

We must be very cautious about associating the cold dust 
condensations with the bubbles. A cold dust condensation 
observed in the direction of a bubble may not be associated with 
it, but may be, by chance, situated along the same line of sight. 
This problem can be mediated with velocity information. The 
velocity of the ionized gas is measured using hydrogen recom- 
bination lines. The velocities of the central Hn regions, when 
known, are given in Table A. 2 (Appendix A). The velocities of 
some bright dust condensations have been measured using the 
NH3 (1,1) inversion line, at Effelsberg (M. Wienen, Wyrowski, 
Menten et al. in preparation). About 80% of these bright dust 



http://idlastro.gsfc.nasa.gov/ftp/pro/idlphot/mmm.pro 
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Fig. 4. Schematic view of a spherical expanding H n region and 
of its neutral environment. Different processes of triggered star 
formation are depicted: 1 - small-scale gravitational instabilities; 
2 - large-scale gravitational instabilities leading to the formation 
of high-mass fragments; 3 - ionizing radiation acting on a tur- 
bulent medium; 4 - radiation-driven compression of pre-existing 
dense clumps. 



condensations adjacent to bubbles have a NH3 velocity that 
differs by less than 5 km s _1 from that of the enclosed Hn 
region. In addition to the velocity information, we regard the 
association of a dust condensation with a bubble as highly 
probable if we have signs of interaction between the ionized 
gas and the condensation (for example, the presence of a bright 
rim, observed at 8.0 fim, bordering the condensation and part of 
the ionization front). For example, the brightest condensation in 
N29 (Fig. [5} is clearly associated with the bubble because it is 
bordered by a bright rim at 8.0 /urn. Finally, if a (partial) shell 
of dust or if numerous condensations surround the bubble we 
consider the association probable. 

We present in Tables [T] [2] and [3] our conclusions derived 
from the comparison between the cold dust emission, as seen by 
ATLASGAL, and the morphology and location of the bubbles 
enclosing Hn regions. We consider several cases: 

• The presence of a partial shell of collected material, or 
of numerous condensations surrounding the ionized region. The 
corresponding regions are listed in Table [T] Twenty-six regions 
(Table [T} show a shell of cold dust surrounding the bubble, or 
numerous condensations observed in the direction of the PDR 
surrounding the ionized region. These regions are good candi- 
dates for the collect process (accumulation of dense material 
around the ionized region during its expansion). N4 (Fig. [6}, N14 
(Fig. [8}, and N49 (Sect. 6.5 and Fig. [T8) > are good examples of 
such regions. 

• The presence of a few dust condensations in the direc- 
tion of the PDR surrounding the Hn region, some interacting 
with the ionized gas (as evidenced by bright rims seen at 8 fim). 
The corresponding 18 regions are listed in Table [2] The conden- 
sations presently interacting with the ionized gas may be pre- 
existing condensations reached by the ionization front and com- 
pressed by the ionized gas. In this case, they should protude in- 



side the ionized region. The bright condensation in N29 (Fig. [5} 
was probably already present in the neutral gas before being 
reached by the ionization front. Some of the 18 bubbles present 
in Table |2]may also show condensations formed from collected 
material; and both types of condensation may be present around 
the same region. For example, the faint condensations present 
around N29, near b ~ 0.6°, probably formed from collected ma- 
terial. For most of these regions and condensations, it is difficult 
to determine which of the two processes is at work: collect and 
collapse or radiation-driven compression of a pre-existing con- 
densation. Both processes can induce star formation. 

• Presence of a cold dust condensation, often bright, in the 
direction of the Hn region or adjacent to it. The association is 
most often uncertain: velocities are missing and/or we lack the 
angular resolution to see the signatures of collected material or 
of interactions with the ionized gas. The corresponding regions 
are listed in Table |3] 

Forty-seven bubbles are listed in Table [3j most of them are 
of small apparent size (and thus are either young or distant). In 
the absence of velocity measurements, the association between 
the bubbles and the dust condensations is uncertain; this is the 
case for N8 and N25 (Fig. [7]). For angularly small bubbles, we 
also lack the angular resolution required to assess whether the 
bubbles and the condensations are interacting (this applies to 
70% of these 48 regions). These dust condensations may be mas- 
sive, and they often contain several massive young objects (UC 
Hn regions, 6.7 GHz methanol masers). The bright condensa- 
tions adjacent to N25 (Fig. [7]), N32 (Sect. 6.1, Fig.[9j>, or N67bis 
(Sect. 6.6, Fig. 25 1 are good illustrations of such a configuration. 

• A few bubbles have very faint, or lack entirely, associated 
870 fim cold dust emission. They are Nil, N65bis, and N67. 
Furthermore, two large bubbles with very faint dust emission 
present a clearly associated compact H n region at their periph- 
ery. They are N81 (with the compact Hn region enclosed by 
N82, Fig. [22}, and N97 (with N96). 

To conclude, for the 65 Hn regions enclosed by bubbles 
and for which the angular resolution of the observations is high 
enough to study the spatial distribution of cold dust, 26 (40%) 
are clearly surrounded by collected material, and 18 more (28%) 
show interacting dust condensations and also possibly conden- 
sations formed from collected material. For 16 regions (24%), 
the association between the bubble and the condensations is 
uncertain, and 5 regions (8%) have no detectable associated dust 
emission. 

At least 16 bubbles contain a compact or ultracompact Hn 
region (or several of them; detected via their radio and 24 /mi 
central emission) in the direction of their PDRs. These regions 
are good candidates for triggered massive-star formation. They 
are identified in Tables[T]and[2] and are discussed in Sect. 6.5. 

6. Discussion 

We now address the morphology of the bubbles (whether it is 
influenced by their environment), their dust content (PAHs and 
hot dust), and their CO environment. We then discuss massive- 
star formation at their borders, possibly triggered by the enclosed 
Hn regions. 

We require the distance of the bubbles to estimate parameters 
such as the size or the mass of the associated dust condensations. 
Their distances, when available, are given in Appendix A, Table 
A. 2. CH06 "emphasize that the near distances are most likely the 
correct ones" (the argument is that nearby bubbles are more eas- 
ily detected because distant ones are masked by the foreground 
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Fig. 5. N29: Left: Contours of the 870 /mi emission superimposed on the 8.0 //m bubble (<x=0.05 Jy/beam; contour levels 1, 2, 3, 
5cr); Right: 5p/fzer-GLIMPSE 8.0 //m emission in turquoise and Sp/fzer-MIPSGAL 24 /mi emission in red. Several faint 870 /mi 
condensations are present in the direction of the PDR. The brightest one (at 23.104+00.584) is bordered by a bright rim at 8.0 /mi. 
Thus, it is associated with the bubble and its central H n region. This condensation probably pre-existed as it distorts the IF; it is 
presently compressed by the ionized gas. Some other faint condensations, near b ~ 0.6°, may have formed from collected material. 
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Fig. 6. N4: This bubble is surrounded by a shell of collected material. Its mass is ~ 1150 Mo (for D=3.14 kpc). Left: Contours of 
ATLASGAL 870 /im emission superimposed on the 5/7/fzer-GLIMPSE 8.0 /im bubble (<r=0.04 Jy/beam; contour levels 1, 3, 5, 10, 
15 cr); Right: Sp/fzer-GLIMPSE 8.0 /mi emission in turquoise and Sp/fzer-MIPSGAL 24 //m emission in red. 



emission of the Galactic plane). However this is not true: the 
kinematic distance ambiguity has been resolved for 57 bubbles 
in our sample; 39 of them (68%) lie at the far distance, whereas 
only 15 (26%) of them are located at the close-by position (3 are 
at the tangent point). 



In the following, we use the 870 /mi cold dust emission to 
estimate the amount of neutral material associated with the bub- 
bles. We give in Appendix B the relations used to derive the 
column density A^(H2) and the mass of a condensation from the 
observed surface brightness F ilQlim . 
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Fig. 7. N25. Left: Contours of the 870 //m emission superimposed to the 8.0 //m bubble (cr=0.06 Jy/beam; contour levels 1, 3, 5, 
7, 10, 14 cr); Right: Spz'teer-GLIMPSE 8.0 fim emission in turquoise and MAGPIS 20-cm emission in red. N25 is adjacent to a 
bright condensation. The bubble is bright on the side of the dense material, and opens on the low-density side. But we lack angular 
resolution to get details about the distribution of neutral material wih respect to the bubble. 



6. 1 . The morphology of the bubbles 

We categorized a few different types of bubbles: 

• Nearly complete bubbles such as Nl, N4 (Fig. [3]), N8, 
N12, N13 (Fig. [2}, N23, N26, N28, N42 (Fig. [2}, N43, N44, 
N49, G30.250, N53, N57, N58, N66, N70, N74, N75, N78, N80, 
N83, N86, N90, and N93. As mentioned in Sect. 2, the inter- 
stellar medium is not homogeneous on large scales. In an in- 
homogeneous medium, there are density gradients and therefore 
maintaining circular symmetry over large scales would seem un- 
likely. Circular bubbles should therefore be of small size, and 
thus should be either young or evolving in a very dense medium 
that restricts their expansion. Many of the complete bubbles are 
indeed small, such as N13 (diameter ~0.85 pc), N58 (0.95 pc), 
and N83 (1.7 pc) - all three of which are seen in the direction 
of bright cold dust condensations and thus are probably associ- 
ated with dense material. However, Nl (diameter ~ 7.8 pc), N4 
(3.5 pc), N43 (2.6 pc), N49 (4.0 pc), N53 (4.5 pc), N70 (6.6 pc), 
and N93 (3.8 pc, if at the distance of N94) are medium-sized H n 
regions. Why are they so circular? The most obvious answer is 
that these regions evolve in a rather homogeneous medium (on 
the scale of a few parsecs), where the turbulence - at the origin 
of most inhomogeneities - is low. 

• Some bubbles are elongated, probably in the direction of 
lower density, and are possibly in the process of opening (see, for 
example, N10, N14 (Fig.[3), N29, N50, and N77). These bubbles 
are, in general, well-defined on the side of high density (where 
we see adjacent dust condensations). For example, N14 (Fig. [8} 
is surrounded by a partial shell of dense material, and opens in 
the direction free of dense material. The bubbles N24bisl, N25 
(Fig. [7]), G19.821, and N32 (Fig. [9} are adjacent to one bright 
dust condensation. They are well-defined on the side of the con- 
densation, and open on the opposite side, presumably towards 
the low-density region. 



• Some bubbles are open in one direction, such as N2 
(Sect. 6.5, Fig. [B), N16, N21, N24 (wide opening, Fig. [15), 



N27, N36 (Fig.[3]i7N37, N91, N92, N94, and N97 (wide open- 
ing). They are often of large size, such as N2 (38 pc x 19 pc, 
at a distance of 6.0 kpc), N16 (33 pc x 19 pc, at D=13.7 kpc), 
N24 (>30 pc, at D=4.6 kpc), N36 (16 pc x 8 pc, at D=6.4 kpc), 
N37 (16 pc x 9 pc, at D=12.6 kpc), N91 (31 pc x 19 pc, at 
D=8. 1 kpc), and N97 (20 pc x 1 1 pc, at D=9.3 kpc). A large size 
may be indicative of either evolution in a low density medium or 
an old age. An Hn region of radius 10 pc, excited by an 06V 
star, may for example be 3.5 Myr old if evolving in a medium of 
10 3 cm 4 , or 1 Myr old if evolving in a medium of 10 2 cm 4 . 

• Two bubbles (N39 and N52) are part of bipolar nebulae. 
N39 (Fig. 10 1 has three 870 fim condensations aligned along 



a filament. This filament is seen farther away from the bubble 
as an infrared dark cloud (IRDC; line in Fig. [TO) . A possible 
scenario is the following: the massive star or cluster exciting 
the nebula formed inside this filament. Later, the expanding 
H n region broke through the edge of the cloud, simultaneously 
in two directions, producing a bipolar nebula (arrows). This 
scenario was simulated by Bodenheimer et al. ( 1 19791 their 
Fig. 4). A bipolar nebula is also obtained when an Hn region 
forms and expands near a dense filament, as simulated by 
Fukuda & Hanawa (2000). Their simulation shows that a 
gravitational instability is induced to form dense cores along the 
filament, on each side of the ionized region (their Fig. 1). This 
is another process by which an expanding H n region can trigger 



TOjshows the presence of 
bipolar nebula, along the 



star formation. In the case of N39, Fig. 
two condensations at the waist of the 
filament, in the directions 25.410-00.176 and 25.351-00.191. 
A similar situation can explain the N52 morphology (Sect. 6.5, 
Figs 19 1. In both nebulae, a 6.7 GHz methanol maser is present 
in a condensation situated at the waist of the nebula, indicating 
that star formation is at work there. Two percent of the bubbles 
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Table 1. Bubbles as seen by ATLASGAL: Presence of collected material (partial shell or numerous condensations surrounding the 
ionized region) 



Identification 


Comments 


N2 


collected material along the open bubble (faint emission) + several bright condensations at one end, containing several UC 




and compact H ii regions and two 6.7 GHz methanol masers 


N4 


shell of collected material 


N12 


several adjacent condensations, some in the direction of "fingers" or of IRDCs 


N14 


shell of collected material 


G15.68 


square bubble; shell of collected material; most of the condensations are IRDCs 


N18 


several faint condensations following the PDR, two UC H n regions (uncertain association) 


N21 


collected material (faint emission); one bright adjacent interacting condensation 


N22 


collected material (faint emission); two bright adjacent interacting condensations 


N24 


collected material (faint emission); several bright condensations, one adjacent to the N24bisl Hn region, 




another one surrounding the N24bis2 H n region 


N24bis2 


shell of collected material; a 6.7 GHz methanol maser 


N29 


several faint condensations along the PDR; one bright interacting condensation 


N35 


several faint condensations along the PDR; one interacting condensation; two nearby compact H n regions 


N36 


collected material + a very bright condensation containing an UC and a compact Hn regions; 




OH, H2O and methanol masers associated with the UC Hn region 


N45 


several bright condensations along the PDR; one interacting condensation 


N49 


half a ring of collected material with massive fragments; one UC H 11 region on the border of the brightest fragment; 




two 6.7 GHz methanol masers 


N50 


a partial shell of collected material 


N52 


bright dust emission along the 8 pm filaments surrounding the bipolar nebula; very bright condensations at its "waist", 




containing an UC and a compact H 11 regions; four 6.7 GHz methanol masers 


G31.16 


faint emission following the PDR; one condensation in the direction of N53 


N59 


numerous dust condensations along the PDR; three UC H 11 regions in the direction of the brightest condensation; 




is the N58 bubble associated? is the bipolar nebula at 33.201-00.01 1 associated? 


N65 


collected material (faint emission) on the border of the two bubbles; one bright condensation 




with a hyper or UC H 11 region and a 6.7 GHz methanol maser 


N68 


similar to N36; several faint condensations adjacent to the PDR + a bright condensation containing an UC and a compact H 11 region 


N69 


collected material (faint emission) along the bright part of the PDR 


N77 


several condensations adjacent to the PDR; the brightest one in interaction with the ionized gas 


N80 


several condensations around the bubble 


N90 


several condensations around the bubble 


N94 


several faint condensations along the PDR; some are bordered by bright rims 



appear to be bipolar. If, as suggested by Beaumont & Williams 
(120101 see Sect. 6.4), most molecular clouds were flat, more 
bipolar nebulae should be observed. We note however that an 
Hn region appears to be bipolar only when the line of sight 
is not too inclined with respect to the plane of the parental 
molecular cloud. 

The inside boundary of many bubbles (in addition to the 
ionization front of the enclosed H 11 regions) exhibits structures, 
such as 8 pm bright rims bordering condensations protruding 
inside the ionized regions, or pillars (also called fingers or 
elephant trunks). The N12 bubble, which is almost circular, 
displays such a bumpy IF (Fig. 



1 1 1, as do the IFs of N35, N36 



(Fig. 17 1, N68, N76, and N91 (Fig. 23 1. These structures are 



the signatures of small-scale density inhomogeneities in the 
medium surrounding the bubbles. These inhomogeneities are 
probably due to turbulence. The HD simulations of H n regions 
expanding in a turbulent medium by Mellema et al. (2006), 
Gritschneder et al. (2009), and Arthur (2009) reproduce rather 
well the appearance of these IFs. 

One of the bubbles is not circular, but square (G15.68 
-00.28). It is surrounded by a shell of collected material that 
follows the four sides of the square and appears as IRDCs. The 



MHD simulations of Arthur (2010) of an Hn region, excited 
by a B star, evolving in a magnetised medium show that the 
magnetic pressure is able to straighten the ionization front. 



Could a similar scenario explain the very peculiar shape of 
G15.68-00.28? 

All these examples show that the birth and evolution of the 
bubbles, and their present morphology, are strongly influenced 
by their environment. Their environment plays a role at the time 
of their birth, whether at the center or at the edge of a dense core, 
or in a filament or a sheet; it also plays a role during their expan- 
sion phase, in media with density gradients and/or turbulence. 



6.2. The distribution of PAHs as observed at 8.0 pm 

Several spectroscopic observations show that the PAH emission 
bands are faint or absent in the direction of H n regions, suggest- 
ing that PAHs are destroyed inside the ionized region. Cesarsky 
et al. d 19961 1 present ISOCAM spectra of the M17 H n region and 
find that the spectrum obtained in the direction of the adjacent 
molecular cloud displays the PAH emission bands, whereas the 
spectrum obtained in the direction of the ionized region is clearly 
dominated by the continuum emission (the 7.7 pm and 8.6 pm 
PAH features are almost absent). This observation has been 
confirmed by Spitzer-IRS spectra of M17 (Povich et al. 120071 1. 
Lebouteiller et al. (2007) present Spitzer-IRS spectra of the gi- 
ant H n region NGC3603. They compare the intensity of the PAH 
emission bands with that of the underlying continuum which is 
attributed to VSGs. They find that the PAH/VSG ratio is anti- 
correlated with the hardness of the radiation field, which implies 
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Table 2. Bubbles as seen by ATLASGAL: Presence of at least two dust condensations adjacent to the PDR, with one in interaction 
with the ionized region 



Identification 


Comments 


Nl 


two adjacent interacting condensations between Nl and the nearby W31 Hn region 


N3 


two adjacent interacting condensations (faint emission) 


N10 


two adjacent interacting condensations 


N27 


open bubble; one condensation elongated along the bright part of the PDR 


N39 


bipolar nebula; three interacting condensations at its "waist"; another bright condensation on the border, 




in the direction of a compact H n region (probably not associated, as shown by its velocity) 


N47 


several faint interacting condensations 


N54 


faint condensations adjacent to the PDR; the brightest one interacting with the ionized region 


N60 


two adjacent interacting condensations 


N61 


faint condensations adjacent to the PDR (collected material?); a bright adjacent condensation 




containing one UC and two compact H n regions (no triggering) 


N62 


faint emission in the direction of the PDR + a bright adjacent filament (IRDC) 


N73 


two adjacent interacting condensations 


N74 


several faint adjacent condensations; one interacting condensation 


N76 


several faint interacting condensations 


N82 


condensations elongated along the bright part of the PDR 


N91 


several condensations, one elongated along the bright PDR, another very bright (also an IRDC) 




containing an UC H n region and a 6.7 GHz methanol maser 


N93 


two condensations adjacent to the PDR (one in interaction) 


N95 


several condensations along the bright PDR 


N98 


a bright interacting dust filament extended along the PDR 




14.05 14.00 13.95 

Galactic Longitude 

Fig. 8. N14, a bubble possibly in the process of opening. The bubble is bright where it is adjacent to dense material, and opens in the 
direction of low density. Left: Contours of the 870 /.im emission superimposed on an unsharp-masked image at 8.0 /im. We see the 
filaments shaped at the surface of the bubble by the ionized gas flowing out; (870 fim emission: cr=0.04 Jy/beam; the contour levels 
are 1, 2, 5, 10, 15, 20, and 25 cr) Right: Spitze r-GLIMPSE 8.0 fim emission in turquoise and Spitzer-MIPSGAL 24 yizm emission in 
red. 



that a destruction mechanism operates on the PAH molecules 
within the ionized gas. The PAH emission band at 3.3 /mi has 
been mapped in the Orion bar (a nearby edge-on PDR) with a 
resolution of 1" (Giard et al. |1994| l. The map shows a sudden 
drop of the 3.3 fim emission feature at the ionization front, to- 
ward the H n region. The spatial extent of the transition zone is 
not resolved and is thus thinner than 2.5 xlO" 3 pc. 



The destruction of PAHs in hard radiation fields, such as 
those present in Hn regions, has been discussed by several 
authors (see Tielens, 120081 and references therein). Processes 
involving the photodissociation of PAHs, for example by the 
loss of an acetylenic group, show that small PAHs of fewer than 
about 50 carbon atoms are destroyed by the radiation field in 
Hn regions, but that larger PAHs may survive (Allain, Leach 
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Table 3. Bubbles as seen by ATLASGAL: Presence of at least one dust condensation in the direction of the bubble or adjacent to it. 
The association condensation - bubble may be uncertain. 



Identification 



Comments 



N8 & N8bis one elongated bright condensation, a 24 yum source in the center, N8 and N8bis on each side 

N9 one bright adjacent condensation 

N13 at the tip of a dust filament 

N16 one interacting adjacent condensation; also an IRDC 

N20 one bright adjacent condensation 

N23 between two condensations, along a bright fragmented filament 

N24bisl one bright adjacent condensation, with an UC H n region in its center 

N25 & N25bis one adjacent bright condensation 

N26 two faint adjacent condensations 

G19.82 a bright adjacent condensation 

N28 an adjacent condensation (also a filamentary IRDC) 

N3 1 two faint adjacent dust condensations 

N32 one bright adjacent condensation containing an UC H n region 

N33 an adjacent condensation 

N34 one filament crossing the bubble 

N37 one adjacent interacting condensation 

N40 one adjacent filament (also an IRDC), with several fragments 

N41 one adjacent dust condensation 

N42 one dust condensation in its direction 

N43 one bright adjacent condensation 

N44 two condensations, one in its direction and one adjacent 

N46 two faint adjacent condensations 

N48 one bright adjacent condensation (also a filamentary IRDC) 

N51 faint condensations 

G30.25 faint adjacent condensation 

N53 two faint adjacent condensations; N53 lies on the border of the large G31. 165-0. 127 bubble 

N55 a bright condensation along an adjacent filament (IRDC); three Hn regions within the condensation (no triggering) 

N56 one condensation in its direction 

N57 one adjacent condensation 

N58 one bright condensation in its direction 

N64 several faint nearby condensations (also IRDCs) 

N64bis one adjacent condensation 

N66 one condensation in its direction 

N67bis one bright condensation in its direction, containing two UC H n regions 

N70 one adjacent bright condensation, containing an UC Hn region in its center 

N7 1 several faint condensations 

N72 a bright adjacent condensation (also a filamentary IRDC) 

N75 two adjacent condensations 

N78 one bright condensation in its direction 

N79 one adjacent condensation 

N83 one condensation in its direction 

N84 two adjacent condensations 

N85 one adjacent condensation containing an UC Hn region 

N86 one adjacent condensation 

N87 one adjacent condensation 

N89 a faint adjacent condensation 

N92 one filamentary condensation (also an IRDC) crossing the nebula 

N96 a condensation in its direction; N96 lies on the border of the large N97 bubble 



& Sedlmayr 1996a 1996b ). This process also involves photons 
with energies less than 13.6 eV, and thus the PAH destruction 
does not occur exactly at the limit of the ionized region. PAHs 
may be doubly ionized in Hn regions, and charge separation 
reactions (also called Coulomb explosions or dissociations) do 
occur; this is another PAH destruction process (Leach, 1989). 
However, here again, photons with energy near 13.6 eV or 
higher are not directly involved. Chemisputtering by H + seems a 
promising PAH destruction process in H n regions, as proposed 
by Giard et al. ( 1994|) or Normand et al. ( 119951 ), because it relies 
on the large abundance of free protons found in Hn regions. 
(It was proposed by Barlow & Silk ( 1 19771 ) for the destruction 
of graphite grains, and Omont (1986) proposed that it was also 



valid for PAHs). However, the study by Micelotta et al. (j2010) 
of the interaction of PAHs with electrons or ions (H + and He + ) 
in a hot or warm gas shows that PAH destruction is dominated 
by He + collisions at a temperature lower than 30000 K, thus is 
dominant in H n regions. 

Many bubbles in our sample show that the carriers of the IR 
bands responsible for the emission in the Spitzer-IRAC band at 
8.0 fim are destroyed inside the ionized region. For these bub- 
bles, the 8.0 yum emission stops where the 20-cm radio contin- 
uum emission begins. This phenomenon is observed in Hn re- 
gions excited by both massive, and also less massive stars. For 
example, it is observed in: i) RCW 79, which is excited by a 
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Fig. 9. N32. Left: Contours of the 870 fim emission superimposed on the 8.0 fim image. The cross gives the position of a methanol 
maser. Right: Spitzer-GLIMPSE 8.0 fan emission in turquoise and Spitzer-MIPSGAL 24 fim emission in red. The comparison of 
the velocity of the condensation with that of the Hn region suggests an association; the condensation at 23.8955+00.0638 has a 
velocity of 39.25 km s _I whereas the H n region has a velocity of 32.8 km s _1 (Table A.2). 



cluster of early O-stars (Martins et al. 2009 ), and in N49, which 
is excited by an 05V star (Watson et al. 120051 : ii) RC W 120, 
which is excited by an 08V star (Zavagno et al. 120061 ) and in 
N4, which is excited by an 08V star (an estimation based on a 
radio flux of 2.02 Jy at 1 1-cm, Reich et al. 1984, and a distance 
of 3.14 kpc); iii) RCW 82, which is excited by two late O-stars 
(Martins et al. 2009 ). It is also observed in bubbles enclosing re- 
gions of very faint/or absent radio emission (as N8). Thus, the 
destruction of PAHs does not require photons more energetic 
than necessary to ionize hydrogen. This differs from the conclu- 
sions of Lebouteiller et al. ( 120071 1. who state that energies higher 
than 27.6 eV (the ionization potential of Ar + ) are required to de- 
stroy PAHs containing more than 50 carbon atoms. Their argu- 
ment, based on observations of NGC3603, is that PAH emission 
is observed in regions where Ar + is present. The morphology 
of NGC3603 is more complicated than that of the bubbles stud- 
ied here, and regions with very different physical conditions can 
contribute to the emission along one line of sight, this effect blur- 
ring the general picture. 

In conclusion, PAH emission is observed in the direction of 
the PDRs, outside the ionized region, independent of the hard- 
ness of the radiation field of the exciting stars (at least from early 
to late O stars). This indicates that the PAHs are destroyed in the 
Hn regions. The destruction mechanism(s) remains uncertain. 



6.3. The extended dust emission at 24 fim 

Extended 24 fim emission associated with the bubbles is 
observed in two locations. First, it is seen in the direction 
of the center of the bubbles. This emission is often bright. 
Spectroscopy of Hn regions (Roelfsema et al. [1998 ; Peeters et 
al. 2002) shows that no strong nebular emission lines are present 
in the 24 fim band; the emission is mostly from the continuum. 



This emission can only be attributed to dust. Therefore, hot 
dust grains must be present in the ionized region, not far from 
the exciting stars. Emission at 24 fim is also observed in the 
direction of the dense PDR filaments that are also observed at 
8.0 fim and delineate the bubble. This emission is rather faint. 
We lack the resolution required to determine whether the 24 fim 
and 8.0 fim emission observed in the direction of the PDRs are 
cospatial. 

There are several possible origins of the 24 fim emission. 
Desert et al. {1990 ) showed that the cirrus continuum emission 
near 25 fim was due, in almost equal proportions, to PAHs and 
VSGs. (VSGs have a size in the range 1 nm to 10 nm, and are 
probably carbon dominated). These small particules (PAHs and 
VSGs) are out of thermal equilibrium: they reach very high tem- 
peratures (up to several hundreds of K) after absorbing high- 
energy photons and radiate in the near- and mid-IR. In the 
direction of the PDRs surrounding Hn regions, the radiation 
field hardens. It has been shown, for example by Compiegne et 
al. {2008 ) for the PDR tracing the Horsehead nebula, that the 
abundance ratio of PAHs to VSGs varies. Emission from VSGs 
dominates the continuum emission near 24 fim. But what hap- 
pens inside H n regions where the stellar radiation field is very 
intense and hard? What kind of grains can survive in this very 
harsh environment? 

The 24 fim continuum emission in H n regions may alterna- 
tively be caused by big dust grains (BGs) in thermal equilibrium 
(BGs have a size of a few tens to a few hundreds of nm, and 
are mainly formed of coated silicates). Cesarsky et al. (2000) 
discussed mid-IR imagery and spectroscopy obtained with the 
ISO satellite of a region in the Orion Nebula. The images show 
extended emission from amorphous silicate grains from the en- 
tire H n region (ionized mainly by 9 1 Ori, an 06 star), and from 
around 6 2 OriA (an 09.5V star). The spectra peak near 25 fim; 



14 



L. Deharveng et al.: A gallery of bubbles 



o 

(S 
-I 

o 

I 

O 



o.oo - 



-0.05 I 



-0.10 



-0.15 - 



-0.20 I 



-0.25 I 



-0.30 




>,- . . - . . . 

/ ' filament ' 



25.50 25.45 25.40 25.35 25.30 
Galactic Longitude 



25.25 25.20 



Fig. 10. N39, a bipolar nebula: Left: Contours of the 870 /mi emission superimposed on the Spitzer-GLIMPSE 8 /mi image. The 
white cross gives the position of a methanol maser. Right: Sp/fzer-GLIMPSE 8.0 //m emission in turquoise and MAGPIS 20-cm 
emission in red. The blue line shows the remains of the filament (or the sheet seen edge on) inside which the exciting star(s) of N39 
possibly formed. The red arrows show the probable preferential directions of expansion of the ionized gas. 



Cesarsky et al. have demonstrated that, at these wavelengths, 
the emission comes mostly from amorphous silicate grains of 
temperatures 85 K to 145 K, with a small contribution from 
amorphous carbon grains of temperatures 1 10 K to 200 K. 

Thus, the mechanism behind the 24 //m emission in H n re- 
gions is not clear. There are, however, several interesting prop- 
erties of the 24 /mi emission: 

• The integrated 24 /mi flux from within the ionized regions 
represents half or more of the total 24 /mi emission of the bub- 
bles. We measured the fraction of 24 //m emission coming from 
the central ionized region for selected well-defined bubbles. The 
ratios (flux from the ionized region)/(flux from the ionized re- 
gion + flux from the PDR) are 0.50 for N4, 0.51 for N13, 0.65 
for N21, 0.49 for N25, 0.51 for N42, 0.66 for N49, and 0.60 for 
N70. 

• In several bubbles, the observed 24 /mi emission is more 
central than the radio continuum emission; the ratio (surface 
brightness at 24 /mi)/(radio continuum brightness at 20-cm) 
peaks at the very center of the bubbles. This is illustrated in 
Fig. 12 which compares the 24 /mi and 20-cm brightness in the 
N13 and N49 bubbles. The ratio of the flux densities S 20-cm 
averaged over the whole regions is respectively 30 and 97 for 
N10 and N49. This ratio varies by a factor of more than 5 from 
the outside to the center of the Hn regions. The same situation 
is observed in N21, N25, N42, and N70. The simplest explana- 
tion is that this effect is due to the dust temperature, which is 
higher near the radiation source. Inside the ionized region, dust 
grains can be heated by Lyman a photons, and/or directly by the 
Lyman continuum radiation of the central exciting stars. That 
the 24 jjm emission is centrally peaked favours the explanation 
that the grains are mostly heated by absorption of Lyman con- 
tinuum photons, which are more numerous near the exciting star 
(Lyman a photons, more uniformly distributed inside the ion- 



ized region, would probably not produce this effect). However, 
using the 24 /mi emission alone, we cannot determine wether it 
is caused by VSGs out of equilibrium or by BGs in equilibrium. 
Additional observations at longer wavelengths are required to 
answer this question. 
• Figure 



13 



allows us to compare, in the well-defined 
N4 bubble, the distribution of dust grains responsible for the 
5/7/teer-MIPSGAL 24 /mi and 70 /mi emission (both bands trace 
thermal emission from dust grains). It shows that the grains 
responsible for this emission are not co-spatial. The 70 //m emis- 
sion is not central, but resembles the 8.0 /mi emission; it comes 
from the PDR rather than from the central ionized region. This 
confirms that the dust grains located inside the ionized region 
are very hot, as their emission is stronger at 24 jjm than at 70 //m. 

Regardless of its origin (VSGs or BGs), the emission at 
24 jjm from the center of bubbles is important for another 
reason: it allows us to locate the central exciting stars (assuming 
that the 24 /mi emission comes from hot dust close to the 
exciting star). The presence of a small central hole, sometimes 
observed in this emission, may be the signature of stellar winds 
emitted by the exciting star(s). These points are illustrated and 
discussed in Martins et al. ((2009). Alternatively, the holes may 
be produced by the radiation pressure of the central stars. In 
either case, the hole indicates the location of the exciting stars. 
One example of a bubble showing a central hole in both the 
radio-continuum emission and the 24 /mi emission is N49. It 
has been shown by Watson et al. (2008 ) that the exciting star of 
N49 could be an 05V star lying in the direction of the hole. 

Three bubbles of small angular size, N8bis, N9, and N48, 
display central 24 /mi emission but no central radio-continuum 
emission. What is their nature? There are two possibilities. First, 
they may be Hn regions with faint radio continuum emission 
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Fig. 11. N12: Left: colour image with the 5/?/fz<?r-GLIMPSE image at 8 /mi in turquoise and the Spitzer-MIPSGAL image at 24 /mi 
in red. This bubble appears, at first glance, to be rather circular; but the ionization front that limits the central cavity shows many 
structures. This is indicative of density inhomogeneities in the medium surrounding the bubble. Right: Synthetic optical image of a 
simulated Hn region evolving in a turbulent molecular cloud (Henney et al. 2010). The [Nil] 6584 A emission appears in red, the 
Ha 6563 Aemission in green, and the [OIII] 5007 Aemission in blue. 






m © 



Fig. 13. N4: comparison of the distribution of various types of dust grains; Left: emission of the PAHs at 8.0 /mi from the PDR. 
Middle: emission at 24 //m of the hot grains from the ionized region (the red contours correspond to this emission). Right: emission 
at 70 //m from colder grains, distinct from these emitting at 24 /mi, and probably situated in the PDR. 



that is undetected by MAGPIS or the VGPS. This implies that 
they are either distant, of low electron density, or excited by B 1 
or B2 stars. Alternatively, if they are not H n regions, they must 
contain a rather massive star because they contain hot dust. The 
massive star must be later than B2, or it would have created an 
H ii region. 

6.4. The CO environment of the bubbles 



Beaumont & Williams (2010, hereafter B&W) mapped 38 bub- 
bles from our sample in the J =3-2 line of 12 CO, and 6 in the 
/ =4—3 line of HCO + , with an angular resolution of 16"; these 
bubbles are identified in Table A.l. Their study provides infor- 



mation about the molecular environment, the three-dimensional 
morphology and the column density and density of the material 
surrounding the bubbles. According to B&W, the 12 CO (3-2) 
emission most likely originates in regions that are moderately 
dense (n(H2)~10 3 -10 4 cm 3 ) with temperatures in the range 
20 K-50 K. The HCO + (4-3) emission traces higher density re- 
gions (n(H2)> 10 5 crrT 3 ) where star formation takes place. 

One feature showed by this study is the paucity of CO emis- 
sion towards the center of the bubbles. If the bubbles were 
two-dimensional projections of spherical molecular expanding 
shells, we would expect to see the front and back faces of the 
shells as relatively faint blueshifted and redshifted emission re- 
gions, but this emission is not observed. B&W (2010) conclude 
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Fig. 12. Variation in the 8.0 fim, 24 fim, and 20-cm brightness 
along the diameter of N13 and N49. The colour images are 
a composite of 8.0 fim (turquoise) and 20-cm emission (red). 
Yellow contours show the regions of maximum 24 fim emission. 
The 24 fim emission is more central than the 20-cm emission. 



that most bubbles are not spherically symmetric, but rather rings 
formed in flattened molecular clouds, with a thickness of a few 
parsecs. We have shown in Sect. 6.1 that some of the bubbles 
are open towards the side of low density. Thus, we agree that the 
front or back sides (or both) of some bubbles may be missing, but 
is this a general feature? If most molecular clouds had a thick- 
ness of a few parsecs, as predicted by B&W, numerous bipo- 
lar nebulae should be observed, which is not the case. However, 
the bubbles in the GLIMPSE sample (CHU06) are quite eccen- 
tric, with an eccentricity peaking at 0.65. This is indicative of 
anisotropy, and in turn of either density gradients, a magnetic 
field, or a flat (two-dimensional) bubble morphology. 

Another result of the B&W (2010) study are the low values 
estimated for the column densities of the molecular material 
surrounding the bubbles. The measured H2 column densities 
are in the range 5-10 X 10 20 cm 2 , averaged over the dense 
regions with HCO + emission. These low column densities led 
the authors to claim that the conditions for star formation are 
not met in the immediate vicinity of the bubbles. 

The CO (3-2) maps presented by B&W in their Fig. 1 show 
the CO peak intensity and appear to be very different from the 



870 fim maps. The peak intensity maps show the regions where 
the CO kinetic temperature is high, at the borders of the H 11 re- 
gions, hence clearly define the bubble boundaries. Maps of CO 
emission integrated over all velocities are more comparable to 
the 870 fim maps, which show all material along the line of sight. 
B&W provided us with the data cubes of four regions, and in- 
deed, the maps of CO emission integrated over the velocity are 
similar to the 870 /im maps. This is illustrated for the N49 region 
in Fig. 14 However, the dust condensations, which are dense and 
cold, are expected to be less apparent on the CO maps than on 
the 870 fim maps for several reasons: i) the CO (3-2) emission 
is insensitive to high densities; ii) the condensations are proba- 
bly optically thick in 12 CO; and iii) the CO molecule is probably 
depleted in the gaseous phase because it condenses onto the dust 
grains in cold dense cores (Caselli et al. [1999; Bacmann et al. 
12002b . 

The column densities that we estimate for the dust conden- 
sations associated with the bubbles using the 870 fim emission, 
are much higher than these estimated by B&W from their ob- 
servations. If the column densities were of the order of those 
estimated by B&W, almost no emission would be detected by 
ATLASGAL. At the 870 fim rms noise of ~ 0.07 Jy/beam, the 
derived column density of N(H2) ~ 1.8 x 10 21 cirT 2 is indeed 
higher than the values estimated by B&W for the HCO + emitting 
regions (see their fig. 7). The column densities that we measure 
for dust condensations associated with massive young objects, 
for example the condensations containing class II methanol 
masers, are in the range 5x 10 22 to 1.3x 10 24 cuT 2 (see Sect. 6. 6). 
These values are compatible with the theoretical predictions of 
Whitworth et al. d 19941 1. who show that, for a wide range of input 
parameters, the gravitational fragmentation of a shocked layer 
occurs when the column density of this layer reaches a value 
~ 6 x 10 21 cm~ 2 . Furthermore, the mean densities that we esti- 
mate for the dust condensations are lower than these obtained by 
B&W, even for the shell surrounding the bubbles (their fig. 7). 
These high densities obtained by B&W probably result from a 
strong underestimate of the CO column densities, possibly due 
to depletion or from the assumption of small optical depth used 
in the LVG formalism. 

For example, for N65 and the associated dust condensation 
containing an UC H n region and a methanol maser (Fig. 21 1, we 



measure a peak intensity of 5.15 Jy/beam. This corresponds to a 
column density of N(H2)= 1.33 x 10 23 cirT 2 . The size at half in- 
tensity of this condensation is 0.3 pc (for D=3.6 kpc, Table A.2) 
and its integrated flux density is 14.5 Jy, which imply a mass of 
1065 M and a mean density of 7 x 10 5 cirT 3 . These numbers 
are very different from the values estimated by B&W for this re- 
gion (respectively ~ 10 21 cm -2 and > 10 7 cirT 3 for the column 
density and density in the HCO + region). 



6.5. Massive-star formation triggered by the expanding 
bubbles 



Sixteen bubbles display compact or UC H 11 regions (detected in 
radio-continuum and 24 fim emission) at their periphery, often in 
the direction of bright adjacent dust condensations. The column 
densities, visual extinctions, and masses given in this section are 
based on the formulae and assumptions given in Appendix B, 
and on the distances given in Table A.2. Detailed studies of the 
most interesting regions, in terms of triggered star formation, 
will be given in a forthcoming paper. 
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Fig. 14. The CO environment of N49: The 870 fim contour levels (0.1, 0.2, 0.5, 1.0, 1.5, and 2.0 Jy/beam) are superimposed 
on the Galactic Ring Survey 13 CO (1-0) emission (Jackson et al. 2006) integrated over all velocities (Left), on the B&W 12 CO 
(3-2) emission integrated over the velocity (Middle), and on the B&W 12 CO (3-2) peak intensity map (Right). The dense dust 
condensation #1 is almost absent from the CO peak intensity map, whereas condensation #2, associated with the UC Hn region, is 
bright (presumably a temperature effect). The CO (1-0) and (3-2) emissions integrated over velocity are more similar to the 870 /mi 
emission. However, the dust condensation #1 is much brighter at 870 fim than it is in CO. 



6.5.1. N2 

This is a large bubble, elongated along the eastwest direction, 
that opens on its eastern side (see Fig. 15 I. It surrounds an ex- 



tended H ii region, which probably evolved in a medium present- 
ing a density gradient as all the emission on the western side (at 
8.0 fim, 24 fim, and 20-cm) are brighter than on the eastern side. 
The distance to this region is uncertain; it has been discussed 
by Corbel & Eikenberry (2004), who, on the basis of CO emis- 
sion lines and NH3 absorption features from associated molec- 
ular clouds, suggest a near distance of 4.5±0.6 kpc. It has also 
been discussed by Pandian et al. (2008), who also favor a near 
distance of 3.4 kpc. The N2 bubble has a diameter of 30 pc (E- 
W) x 15 pc (N-S) (if D=4.5 kpc). The 870 fim cold dust emis- 
sion shows a shell of collected material surrounding the ionized 
region in the west (Fig. 15 1. Several bright condensations are 



present there. The velocity of the neutral material has been mea- 
sured at several positions (see Table A. 2) and velocities have 
been found in the range -1.5 km s _I to -4.6 km s _1 . This is 
similar to the velocity of the central Hn region, -2.4 km s -1 . 
Because of this velocity agreement, we conclude that the neutral 
material in the shell and the bright condensations are associated 
with the central H 11 region. 

Several UC and compact H 11 regions are present in the di- 
rection of the two main condensations, or are adjacent to them. 
The peak emission for condensation #1 at 10.6234-00.3819 is 
25.2 Jy/beam at 870 fim. This corresponds to a column density 
N(H 2 )= 6.5 x 10 23 cnr 2 (~ 350 mag of visual extinction). The 
UC Hn region G010.624-00.384 lies in the same direction. As 
discussed by Keto & Wood (2006), a cluster of massive stars 
that contains massive YSOs still in the accretion phase ionizes 
this very young H 11 region. A 6.7 GHz methanol maser is de- 
tected nearby (Menten, 1991; Caswell. 119951 see Sect. 6.6 and 
Table A. 2). MAGPIS detects two additional compact H 11 regions 
adjacent to this condensation, located at G010. 598-00. 384 and 
G010.621-00.386. Condensation #2 peaks at 10.6264-00.3357 
with a peak emission at 870 fim of 2.4 Jy/beam. This corresponds 
to a column density of N(H2)= 6.2 x 10 22 crrT 2 (~ 33 mag of 
visual extinction). MAGPIS detects an UC H 11 region in this di- 
rection, at G010.629-00.338, and a 6.7 GHz methanol maser 



is detected nearby (Caswell 119951 Sect. 6.6 and Table A.2). 
MAGPIS finds a compact Hn region adjacent to this conden- 
sation, at G010.618-00.320. Another extended 24 fim source is 
surrounded by a 8.0 fim shell at G010.639-00.434. It lies in the 
direction of the collected shell. This is possibly another Hn re- 
gion. 



6.5.2. N18 

This is a faint, not very clearly defined open bubble with spiral- 
ing filaments at 8.0 fim. For a distance of 12.4 kpc, its diameter 
is ~ 50 pc (but the distance is uncertain, see Table A.2). Several 
very faint 870 fim cold dust condensations are located along the 
8.0 fim filaments. Two compact radio sources are present at the 
western border of the bubble. They are not extragalactic sources 
because they have associated 24 fim emission. The brightest UC 
H n region lies at 16.6002-00.2759; at 5 GHz, it s integ rated flux 
is 12.2 mJy and its diameter is 3'.'1 (Becker et al. 1994). Another 
fainter UC Hn region lies nearby, at 16.589-00.283. No cold 
dust emission is detected in their direction. Their association 
with the N18 bubble is uncertain. 



6.5.3. N24 

This is a large (>30 pc for a distance of 4.6 kpc; Table A.2), 
wide-open bubble. The 8.0 fim emission tracing the bubble is 
somewhat confusing, but the radio-continuum emission exhibits 
a well-defined Hn region (Fig. 16 1. The radio and 24 fim emis- 

the emission from fila- 



sion follow, but are located interior to, 
ments at 8.0 fim. Faint cold dust emission is observed in the di- 
rection of the 8.0 fim filaments, most likely tracing the collected 
neutral material. At least two compact H 11 regions, N24bisl and 
N24bis2, lie on the borders of N24. Bright 870 fim emission is 
observed in their direction or vicinity. All these objects (the large 
bubble, the two compact H 11 regions, and the 870 fim condensa- 
tions) are associated because their velocities are within 3 km s _1 
of each other (see Table A.2). The 870 fim emission associated 
with N24bis2 forms a shell surrounding the compact central H 11 
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Fig. 15. N2: Left: Contours of the 870 fim emission superimposed on the 5/j/zer-GLIMPSE 8.0 fim image. We see the faint emission 
from the cold dust associated with the collected neutral material, on the borders of N2; we also see bright condensations containing 
various young stellar objects and UC Hn regions; (870 fim emission: <x=0.06 Jy/beam; contour levels 1, 5, 20, 40, 150 cr). The red 
crosses give the position of two methanol masers. Right: Sp/fzer-GLIMPSE 8.0 fim emission in turquoise and -MIPSGAL 24 fim 
emission in red. 



region. A class II methanol maser lies in the direction of this 
shell (Sect. 6.6 and Table A.2). 



6.5.4. N35 

This is a large bubble, not well-defined at 8 fim, that is pos- 
sibly open to the southeast. At a distance of 8.6 kpc, its 
size is 23 pc x 11 pc. Several cold dust condensations are 
present, adjacent to the PDR. Two condensations are bordered 
by bright rims, and thus are clearly associated with the bubble. 
Furthermore, one of the brightest, at 24.4587+00.1968, has a ve- 
locity of 119.08 km s _1 similar to that of the central Hn region 
(Table A.2), confirming the association. A bright radio source 
with a jet is present at 24.4539+00.2296 (Becker et al. fT994t : 
it is most probably an extragalactic source as it has no coun- 
terpart at 8.0 fim or 24 fim. A compact Hn region is present at 
24.429+00.223, in the direction of an adjacent dust condensa- 
tion. Furthermore, a very small 8.0 fim bubble (diameter 0.5 pc, 
if at the same distance) enclosing 24 fim emission lies in the 
direction of another condensation; we suggest that it may be an- 
other second-generation UC Hit region. A 6.7 GHz methanol 
maser is observed in the direction of the PDR, associated with 
faint dust emission (Sect. 6.6 and Table A.2). 



6.5.5. N36 

This is an open bubble (Fig [17) , of size 15 pc x 7.5 pc for 
a distance of 6.4 kpc (Table A.2). It is elongated southeast - 
northwest, and open on the north west side. The 8.0 fim bub- 
ble surrounds a diffuse Hn region G24.83 +00.10 (Kantharia et 
al. 120071 also called G24.81+0.10 by Lockman[T989). Figure[l7 
shows faint 870 fim emission in the direction of the PDR, most 



likely from cold dust in the neutral collected shell. On the 
east side, a small condensation (#1) lies in the direction of a 
8.0 fim bright rim. Examination of emission from MAGPIS in- 
dicates that this radio source at G24.849+00.088 likely arises 
from the dense ionized layer bordering this condensation, and 
is not a different H n region. A very bright condensation is sit- 
uated on the opposite side (#2). High resolution radio observa- 
tions (Kantharia et al. 120071 MAGPIS) show that it contains a 
compact cometary Hn region (G24. 796+00. 098) and two UC 
ones in the direction 24.789+00.82; Furuya et al. (2002) discuss 
the presence of CO outflows and of various maser emission in 
this direction (among them a 6.7 GHz methanol maser, Sect. 6.6 
and Table A.2). All these objects are probably associated as they 
present similar velocities (Table A.2). 

6.5.6. N39 



This is a bipolar nebula (Fig. 10 and Sect. 6.1). Several bright 



870 fim condensations are observed at its periphery. The com- 
pact Hn region G25. 30-00. 14 lies in the direction of one of 
them (in this direction, N(H 2 )= 1.10 x 10 23 cirT 2 or A v ~ 
59 mag). The velocity of G25.30-00.14 (98.4 km s" 1 ) differs 
consideraably from that of the central Hn region G25. 38-00. 18 
(57.1 km s~'); thus they are not associated. A 6.7 GHz methanol 
maser lies at the waist of the bipolar nebula; both objects have 
similar velocities (see Sect. 6.6 and Table A.2). 



6.5.7. N49 



This is one of the most well-defined bubbles of the sample 



(Fig. 18 i. Its internal diameter is 4.0 pc (for a distance of 5.5 kpc, 
Table A.2). The central Hn region has a radio-continuum flux 
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Fig. 16. N24: Left: 870 fim contours superimposed on the MAGPIS radio-continuum image at 20-cm (sigma-0.06 Jy/beam; contour 
levels 1, 10, 30, 60, 100 cr). Right: colour composite image, with red for the Spteer-MIPSGAL emission at 24 fim and turquoise for 
the 5/5/fzer-GLIMPSE emission at 8.0 fim. The two second-generation compact Hn regions, N24bisl and N24bis2, are identified. 




24.90 24.85 24.80 

Galactic Longitude 

Fig. 17. N36: Left: Contours of the 870 fim emission superimposed on the 8.0 fim image (<x=0.09 Jy/beam; contour levels 1, 3, 5, 
10, 20, 60 cr). The white cross shows the position of the methanol maser. Right: 5/?/fzer-GLIMPSE 8.0 fim emission in turquoise 
and MAGPIS 20-cm emission in red. The arrows identify the compact and UC H n regions. 



density of 1.14 Jy at 2. 695 G Hz (Reich et al. H984l 1.16 Jy at 
4.875 GHz (Wink et al. [19821 , and 1.38 Jy at 10.05 GHz (Handa 
et al. l 19871 >. This radio emission corresponds to an ionizing pho- 
ton flux of ~ 3 x 10 48 s _1 . This flux corresponds to a main ex- 
citing star of spectral type 07V-07.5V (Martins et al. 2005). 
MAGPIS shows that a compact H n region lies in the direction 



of the PDR. For this region, we measure a radio flux (20-cm) 
<0.1 Jy. This flux corresponds to a B0V exciting star, assuming 
that its radio emission is optically thin at 20-cm. This compact 
Hn region is also surrounded by bright 8.0 fim emission. N49 
has been studied in the mid-IR by Watson et al. (2008 ). Possible 
exciting stars for the central H n region have been identified; the 
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main one lies in the direction of the radio and 24 /mi central 
hole, and, based on its spectral energy distribution (SED), is ei- 
ther an 05V or 08III star (thus emitting more ionizing photons 
than necessary to account for the radio flux). 

ATLASGAL shows that a shell of collected material sur- 
rounds the central H n region. This shell is brighter on its east- 
ern and northern sides, probably because a density gradient was 
present in the parental cloud. The whole shell, defined by a 
870 //m emission brighter than 0.08 Jy/beam (the rms noise in 
this field), has a total flux of 24.75 Jy, thus a mass of 4200 M Q 
(Appendix B). The shell is fragmented. The most massive frag- 
ment has a peak flux of 4.4 Jy/beam (at 18:44:51.05 -03:46:02 
(J2000); condensation #1 on Fig. 18 1 corresponding to a col- 
umn density 1.1 x 10 23 cirT 2 (or a visual extinction of 61 mag). 
Its flux density is 13.70 Jy, which corresponds to a mass of 
2300 Mq. The other neutral condensations, numbered #2, #3, 
and #4, are less bright. They have peak intensities in the range 
0.64-0.75 Jy/beam (and thus column densities in the range 1 .65- 
1 .9 x 10 22 cm -2 ), integrated flux densities of 1 . 14 Jy, 1 .41 Jy, and 
2.07 Jy, thus masses of 190 M Q , 240 M Q , and 350 M G , respec- 
tively. The velocity of the four condensations (Table A. 2) are 
similar (in the range 85.89 - 96.34 km s" 1 ) to the mean velocity 
of the ionized gas (90.6 km s _1 ), confirming the association of 
the entire neutral shell with the H n region. 

The compact Hn region lies between condensations #1 
and #2, adjacent to, but outside the most massive condensa- 
tion. Two bright YSOs identified by Watson et al. (|2008 , their 
Fig. 16) lie in the direction of the center of condensation 1. 
According to their SEDs, both YSOs are massive (more than 
10 M G for the central sources), and in an early evolutionary 
stage (stage I; the luminosity is dominated by the accreting en- 
velope). Furthermore, YSO #3 in Watson et al. is associated with 
an extended 4.5 /mi jet (extended green object or EGO; accord- 
ing to Cyganowski et al. 2008 extended 4.5 /mi emission traces 
shocked molecular gas in protostellar outflows). Two 6.7 GHz 
methanol masers were detected by Caswell et al. ( 119951) in this 
region. The brightest one is observed in the direction of conden- 
sation #1, the other, much fainter, in the direction of condensa- 
tion #3. Their velocities (Table A. 2), which are similar to those 
of the associated condensations , indicate that they are associ- 
ated with the shell surrounding the N49 H n region. Cyganowski 
et al. ( 120091) present high angular resolution methanol maser ob- 
servations at 6.7 GHz and 44 GHz in the direction of YSO #3 
(their Figs 1 and 5). They show that the 6.7 GHz methanol emis- 
sion is observed in the direction of the center of the 4.5 /mi jet. 
This emission is linearly distributed along an axis extending over 
3000 AU and has a velocity gradient that is indicative of a rotat- 
ing disk. 



6.5.8. N52 

This bubble encloses a giant H n region and is part of the W43 
complex. The distance of this region is uncertain; Anderson & 
Bania (2009) place it at the near distance, 5.7 kpc, whereas 
Pandian et al. (2008 ) favour the far distance, 9.0 kpc. In the fol- 
lowing, we adopt, rather arbitrarily, the near distance. Numerous 
studies have been performed of the W43 complex. The flux den- 
sity of the H ii region at 5 GHz, 86.5 Jy (Smith et al l 1978b corre- 
sponds to a ionizing photons flux ~ 2.3 x 10 50 s ; this points to 
an exciting cluster containing ~ 13 05V stars or ~ 55 07V stars 
(according to the calibration of Martins et al. 2005). The ionized 
gas was studied by Lester et al. ([1985) and Balser et al. ( 120011 
and references therein); the radio continuum map shows several 
filamentary components or sources; a detailed velocity field con- 



tains velocities ranging from 60 km s -1 to 110 km s" 1 . The ex- 
citing cluster was analysed by Blum et al. ( 119991 ), using deep 
JHK images; this cluster is highly reddened (Ay in the range 
to 45 mag), and contains at least a WN7 and two early (su- 
pergiant) O stars; these stars emit strong winds. The associated 
molecular material was studied by Motte et al. (2003 and ref- 
erences therein). The molecular cloud has a mass ~ 10 6 M Q . 
The cold dust emission (at 350 /mi and 1.3-mm) and the molec- 
ular HCO + emission have been mapped at high resolutions; they 
show a filamentary structure, with massive condensations (40- 
4000 M ), large nonthermal velocities (~ 5 km s~'), and high 
densities (~ 10 6 cm -3 ). Stellar sources with a near-IR excess 
(Blum et al. 1999) and several maser sources (OH, H2O, and 
methanol; see their location on Fig. 1 in Motte et al. 2003]) in- 
dicate that star formation is still taking place in this complex. 
Several papers (especially Balser et al. 120011 and Motte et al. 
120031) suggest that the exciting cluster has a large impact on the 
surrounding material (both ionized and molecular), blowing it 
away from the center of the nebula, and compressing it to fila- 
ments. 

Thus, N52 is not a bubble enclosing a classical, almost spher- 
ical H 11 region. Since the Motte et al. 2003 study, observations 
have shed new light on this complex. The Spitzer-8.0 //m and the 
MAGPIS-radio observations (the 24 /mi emission is saturated 
over the field), both show, at high resolution and over a wide 
field, many filamentary structures linked to the complex. Both 
observations indicate a bipolar morphology (Fig. 



19 1, with the 



exciting cluster at the center. Furthermore, the ionized gas is dis- 
tributed in filaments following exactly, on the inside, the 8.0 /mi 
filaments. We propose the following origin and evolution for this 
complex: i) a massive cluster formed in a massive and rather flat 
molecular cloud and it ionized an expanding H 11 region; ii) with 
time, the massive stars evolved and become Wolf-Rayet and su- 
pergiant stars, emitting very strong winds; iii) a very low density, 
very hot ionized component developed inside the H 11 region (ac- 
cording to the simulations of Freyer 2003 ); the expansion accel- 
erated, and the classical H 11 region was reduced to a thin layer 
surrounding the central hot ionized gas; iv) presently, the ion- 
ized region extends in directions of lower density (perpendicular 
to the parental cloud), and neutral (collected) material is seen 
all around. More material is collected at the waist of the bipolar 
nebula, because this is where the density of the neutral gas is the 
highest. 

This explanation of the bipolar structure agrees with the ob- 
served cold dust emission. This emission comes both from ma- 
terial at the waist of the bipolar nebula, and from filamentary 
structures elongated along the northeast and the southwest PDRs 
(Fig. 19 1. The 870 /mi emission is very similar to the 350 /mi 
and 1.3-mm emission observed by Motte et al. (2003). For the 
entire region, we measure a flux density at 870 //m of 408 Jy, 
indicating a mass of 7.5 x 10 4 M Q . At least three condensa- 
tions are very bright and well defined (#1, #2, #3; Fig. [19}; 
they contain the bright cores W43-MM1, -MM2, and -MM3 of 
Motte et al.(2003 ). We measure for these condensations 870 /mi 
peak intensities of respectively 21.4 Jy/beam, 1 1.6 Jy/beam, and 
6.3 Jy/beam, corresponding to column densities N(H2) of 1 1.4 X 
10 23 cm -2 (A v = 295 mag), 6.2 x 10 23 cnr 2 (A v = 160 mag), 
and 3.3 x 10 23 cm" 2 (A v = 87 mag). The 870 /mi flux den- 
sities integrated over regions limited by the 1 Jy/beam contour 
level (Fig. 19 1 are, respectively, 76.7 Jy, 59.3 Jy, and 25.3 Jy, 
for masses of 14000 M Q , 4700 M G , and 11000 M G (the W43- 
MM1, -MM2, -MM3 cores have smaller sizes and masses). 
Methanol masers at 6.7 GHz are observed in the direction of 
W43-MM1 and W43-MM2. A third methanol maser is observed 
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28.86 28.84 28.82 28.8 28.7 28.86 28.84 28.82 28.8 28.78 

Fig. 18. N49 Top left: Sp/fzer-GLIMPSE 8.0 /mi emission in turquoise and 24 /mi emission in red. Others: contours of 870 /mi 
emission superimposed to grey scale images at 8.0 fan, 870 fim, 20-cm, and 24 /mi; the 870 /mi contour levels are 0.08 Jy/beam 
(used to define the limits of the collected shell), 0.25, 0.5, 1.0, and 2.0 Jy/beam. The red contours at 0.25 Jy/beam have been used to 
measure the integrated 870 /mi flux of condensations 1 to 4. The green crosses indicate the NH3 positions measured by Wyrowski 
& Wienen (in preparation; Table A. 2). The massive stage I YSOs found by Watson et al. (|2008 ) are indicated. 



in the direction of W43-MM4 (situated at the waist of the bipo- 
lar nebula) for which we measured a peak signal of 4.4 Jy/beam 
(N(H 2 )=2.3 x 10 23 cnT 2 ). A fourth maser is given by Xu et al. 
(2009) toward the PDR, but in a direction of very low 870 fim 
emission (see Table A. 2). 

6.5.9. G31.155 and N53 

The bubble N53 encloses a relatively small H n region (diameter 
~ 4.8 pc for a distance of 1 1.9 kpc; Table A. 2). Figure 20 shows 



that it lies on the border of a larger H 11 region, G3 1.165-00. 127 
(diameter ~ 20 pc for the same distance). The two Hn regions 
are probably linked as they have similar velocities (43.6 and 
41.4 km s -1 , Table A.2) and N53 is centered on the PDR sur- 
rounding G31. 165-00. 127. In addition N53 lies in the direc- 
tion of a faint 870 /mi emission structure following the PDR 
of G3 1.165-00. 127. Thus, the exciting star of the Hn region at 
the center of N53 is a good candidate to be a second-generation 
massive-star, the formation of which has been triggered by the 
expansion of G3 1 . 1 65-00. 1 27 . 

6.5.10. N59 

This is a rather faint bubble that is not well-defined. It is 
open to the south. If at 5.6 kpc (Table A.2), its diameter is 
~ 20 pc. A bipolar nebula lies on its northern border, which 



is possibly associated with N59, but its velocity differs by 
some 10 km s -1 from that of N59. Several cold dust condensa- 
tions are present adjacent to the PDR. The brightest one con- 
tains several radio sources; three of them are in the Becker 
et al. ( fT994] l catalogue. The radio source at 33.1441-00.0665 
(S(5GHz)=33.9 mJy, diameter=4.8") is most probably extra- 
galactic as it has no 24 fim counterpart. An UC Hn region at 
33.1330-00.0926 (S(5GHz)=385.2 mJy, diameter=3'.'7) has an 
associated H2O maser (Kurtz & Hofner 2005), and an associ- 
ated 6.7 GHz methanol maser (Sect. 6.6 and Table A.2). A com- 
pact Hn region lies at 33.1420-00.0863 (S(5GHz)=26.5 mJy, 
diameter=13'.'0). A faint UC H 11 region, which is not catalogued 
by Becker at al. (fT994l lies at 33. 1 1 1 -00.095. The small nearby 
bubble N58 is possibly associated with N59, as they have very 
similar velocities (but see the discussion about their distances in 
Appendix A). 

6.5.11. N65 

This is a well-defined bubble of medium size (diameter ~ 5 pc 
for a distance of 3.6 kpc). It is possibly adjacent to another bub- 
ble that we have named N65bis. A shell of collected material sur- 
rounds N65 (Fig. |2T| ). A bright dust condensation lies between 
N65 and N65bis. A very bright 24 /mi source lies in its center, 
cospatial with an UC Hn region detected via its radio contin- 
uum emission. The dust condensation has been observed at 1.2- 
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Fig. 19. N52: Left: contours of the 870 //m emission superimposed on the 5p/fzer-GLIMPSE 8.0 fim image ( the contour levels 
are 0.15 Jy/beam, 1, 2, 5, and 10 Jy/beam). The red crosses show the position of the methanol masers. The condensations #1, #2, 
#3 contain the cores W43-MM1, -MM2, -MM3 of Motte et al. (120031 1. Right: colour composite image, with the MAGPIS 20-cm 
emission in red and the 8.0 fim emission in turquoise. Note the bipolar and filamentary structure of this nebula. 



mm and has a mass of 560 Mo (Hill et al. 120051 for a distance 
of 3.6 kpc (Table A. 2). The mass of its molecular counterpart 
was estimated from 13 CO (1-0) observations by Petriella et al. 
(12010b to be ~ 2000 M Q . From the 870 fim emission, we esti- 
mate the mass of this condensation to be 1060 M (see Sect. 6.4 
for more details). The UC Hn region lies at 35.024+00.350; it 
has a flux density of 14 mJy at 3.6-cm, and a size (HPBW) of 
~ 079 (Kurtz, Churchwell, & Wood l2005l l. The OH , H 2 0, and 
6.7 GHz methanol maser emission are oberved in a nearby di- 
rection (respectively, Argon et al. 120001 Kurtz & Hofner 2005 ; 
Pandian et al. 120071 see also Sect. 6.6). 

A small 8.0 fim bubble around an extended 24 fim source is 
also present in the direction of the collected layer between N65 
and N65bis, at 35.044+00.327. No radio emission is detected in 
its direction; it is possibly a faint compact H n region. 

The N65 - N65bis complex may be similar to the Sh 255 
- Sh 257 complex where several young massive objects have 
been found in the compressed zone between the two H n regions 
(Chavarria et al. 2008 and references therein). 



6.5.12. N68 

This is a large bubble, elongated northwest to southeast, and 
possibly open to the southeast. Its size is 34 pc x 17 pc for 
a distance of 10.6 kpc (Table A. 2). It is very similar in ap- 
pearance to N36. Faint 870 //m emission follows the 8.0 fim 
PDR, probably corresponding to cold dust emission in the col- 
lected neutral shell. One dust condensation corresponds to a 
bright rim observed at 8.0 fim, bordered by bright 20-cm emis- 
sion. On the other side lies a bright 870 fim condensation. This 
condensation is associated with the central Hn region, as it 
has a similar velocity (V LSR (CS)=54.1 km s " 1 , Plume [T9921 
V L SR(H110ar)=51.8 km s"\ Araya et al. l2002l . In the direction 



of this condensation lies a compact H n region, G35. 590-00. 025, 
and an UC Hn region G35.578-00.031 (Kurtz et al. [19991 OH 
and H2O maser emission are observed in the direction of the UC 
H 11 region (Forster & Caswell 11 9991 1. 

6.5.13. N81 

This is a very faint, large bubble. For a distance of 8.1 kpc 
(Table A. 2), its size is 45 pc x 32 pc. Two smaller bubbles, N82 
and N83 lie on its border. N82 (diameter 7.5 pc) is clearly asso- 
ciated with N81 on morphological basis (Fig.[22|. The velocity 
of N83 differs from that of N82 by more than 10 km s _1 ; thus, 
N83 is probably not associated with N81 and N82. 

6.5.14. N91 



This is a large bubble (28 pc x 14 pc for D=8.1 kpc; Table A.2), 
open in the south, with a bright PDR on its east side (Fig. 23 1. 
A faint elongated 870 fim structure follows this part of the PDR. 
Two dust condensations are present in the direction of the PDR, 
probably slightly in the foreground as a faint absorption is ob- 
served at 8 fim in their directions. An UC Hn region (which 
is also a bright 24 fim source) lies near the peak of the bright- 
est condensation. Several other 24 fim sources and a 6.7 GHz 
methanol maser are also present there. We have no velocity for 
the UC H 11 region or for this dust condensation, but the methanol 
maser has a velocity similar to that of the central H 11 region, con- 
firming the association (Table A.2). 



6.5.15. N94 

This is an open bubble. At a distance of 9.3 kpc (Table A.2), its 
size is 20 pc x 12 pc. The nearby small bubble N93 (diameter 
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Fig. 20. G3 1.165-00. 127 and N53: Left: The 870 fjm contours levels are superimposed on the 8 /im image; the levels are 0.03, 0.1, 
0.2, 0.5 and 1.0 Jy/beam. There is a faint emission structure surrounding the bottom part of G3 1.165-00. 12, with a condensation in 
the direction of N53. Right: Composite colour image with the 24 fim emission in red and the 8.0 //m emission in turquoise. 

6.5.16. N97 

This is an angularly large (diameter ~ 16') and faint bubble 
that is not well defined at 8 //m, except along its north border. 
The small N96 bubble (diameter ~ 1') lies on this border 
and is clearly associated with a bright rim bordering a dust 
condensation. We have no velocities and no distances for these 
regions. 



Fig. 22. N81 and the possible second generation Hn region 
N82. Colour composite image: red represents the Spitzer- 
MIPSGAL emission at 24 /mi and turquoise represents the 
5p/fzer-GLIMPSE emission at 8.0 /im. 



4.0 pc if at the same distance) lies in the direction of a filament, 
which is adjacent to N94. This association, however, is uncertain 
and a measurement of the velocity of N93 is required. 



6.5.17. Conclusions 



To conclude, 13 bubbles have associated UC Hn regions in the 
direction of their PDRs and in neutral condensations adjacent 
to their IFs. These bubbles are N2, N24, N35, N36, N49, N52, 
G31.16, N59, N65, N68, N81, N91, and N97. These regions are 
good candidates for triggered massive-star formation. The N94 
bubble is another possible candidate for this process, but the as- 
sociation between the large H n region and the UC H n region 
needs to be confirmed by velocity measurements. The case for 
N 1 8 is more uncertain as the nearby UC H n regions are not ob- 
served in the direction of dust condensations. 

Most of these bubble candidates for triggered massive-star 
formation are large bubbles (size > 15 pc), which could indicate 
that they represent an evolved population. However, N49 and 
N65, perhaps our best cases of triggered massive-star formation, 
are exceptions. Their diameters are in the range 4-5 pc. A possi- 
ble explanation is that they formed and evolved in a medium of 
higher density, which has restricted their expansion. 
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Fig. 21. N65 & N65bis. Left: Contours of the 870 pm emission superimposed on the 8.0 pm image (cr=0.04 Jy/beam; contour levels 
1, 5, 15, 30, 50 cr); Right: Spitzer-GLIMPSE 8 /im emission in turquoise and -MIPSGAL 24 pm emission in red. We see both the 
faint emission from the cold dust associated with the collected material surrounding N65, and a bright condensation between the 
two Hn regions, suggesting a zone of compression. The bright condensation contains an UC Hn region and a class II methanol 
maser. The arrow points to a bright 24 pm source which is also a UC H n region. The red cross gives the position of the methanol 
maser. 



6.6. Other signposts of massive-star formation 

The 6.7 GHz methanol masers (class II), discovered by Menten 
dl991| l, are associated with massive-star formation. Some are 
observed in the vicinity of UC Hn regions (e.g. the W3(OH) 
source, Menten et al. 1992). Other methanol masers originate 
in the direction of (sub)-millimeter condensations containing 
luminous very red mid- or far-IR sources (Spitzer-GLIMPSE 
sources: Ellingsen 2006; 24 pm sources: Xu et al. 2009] and 
Minier et al. 120051 and references therein). Breen et al. (120101 1 
present an evolutionary sequence for masers in high-mass star 
formation regions: 6.7 GHz masers have a lifetime in the range 
2.5 x 10 4 yr to 4.5 x 10 4 yr; they are coeval with H2O masers, 
and appear before the formation of a detectable UC H n region. 

We searched for 6.7 GHz methanol masers in the vicinity of 
the bubbles, using the compilations by Pestalozzi et al. (2005) 
and Xu et al. (2009). Twenty-nine 6.7 GHz methanol masers 
have been detected in the vicinity of 23 bubbles. In the following, 
we comment briefly on the location of these masers with respect 
to nearby 870 pm condensations, UC Hn regions, and mid-IR 
sources. The positions and velocities of the masers are given in 
Appendix A, Table A.2. The main difficulty when attempting to 
associate masers with other signposts of star formation is their 
positional accuracy, which varies widely from one study to an- 
other. The most accurate positions come from interferometric 
observations. 

Walsh et al. ([1998 ) used the Australia Telescope Compact 
Array (ATCA), which gives absolute positions with an uncer- 
tainty ~ 1". These masers lie near: 

- N2: Two bright 870 pm condensations lie at one extrem- 
ity of this large open bubble (Fig. [15] Sect. 6.5); both contain a 
maser. The first maser lies ~ 10" away from the center of con- 
densation #1 (peak emission 25.2 Jy/beam). This condensation 
contains several UC Hn regions, which are also 24 pm sources; 



the maser lies ~ 9" away from the closest 24 pm source. The 
second maser lies ~ 11" away from the center of condensation 
#2 (peak emission 2.4 Jy/beam), and ~ 17" away from the asso- 
ciated UC H 11 region. 

- N36: A maser lies in the direction of the bright adjacent 
870 pm condensation (peak emission 15.8 Jy/beam, see Fig. 17 1, 
~ 6" from the sub-mm peak. This is also the direction of a clus- 
ter of four YSOs (Fumy a et al. 120021) . As discussed by these au- 
thors, the methanol maser spots correspond to an UC H n region 
that is also associated with a CO outflow. 

- N49: A maser lies in the direction of the bright 870 pm con- 
densation #1 (peak emission 4.4 Jy/beam, Fig. 18 and Sect. 6.5), 
~ 12" from its center. This condensation contains two bright 
mid-IR sources. The maser lies in the direction of one of them, 
which is also an extended green object (EGO, Cyganowski et al. 
2009 ) with jets . A nearby UC H 11 region lies outside the conden- 
sation, within ~ 20" of the maser's position. A second fainter 
maser was detected by Caswell et al. (119951 positional accu- 
racy ~ 10"), at the border of condensation #3 (peak emission 
0.73 Jy/beam); it has no radio or mid-IR counterpart. 

- N52 (W43): A maser lies in the direction of the brightest 
870 pm condensation (#1, peak emission 23.2 Jy/beam), ~ 12" 
from its center, and ~ 6" from two faint 24 pm sources. This 
condensation is adjacent to the bright PDR of W43 (Sect. 6.5 
and Fig. 19). A second maser also lies in the direction of the 
PDR, but at the waist of the bipolar nebula, ~ 24" from a 870 pm 
condensation (emission peak 4.7 Jy/beam). In this direction, the 
24 pm emission is saturated. A third maser lies ~ 4" away from 
the center of another bright 870 pm condensation (#2, emission 
peak 12.6 Jy/beam), and in the direction of the PDR of a compact 
associated H 11 region; it has no 24 pm counterpart. 

Two more regions were observed at high resolution with the 
VLA by Cyganowsky et al. ([2009 ). They are: 

- N24bis2: The maser lies in the direction of a 870 pm con- 
densation, part of the dust shell surrounding the central compact 
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Fig. 23. N91. Left: The 870 /mi contour levels (0.1, 0.25, 0.5, 1.0, 1.5 Jy/beam) are superimposed on the Spitzer-GLIMPSE 8 /mi 
image. The red cross gives the position of the methanol maser. Right: Colour composite image with the 24 /mi emission in red and 
the 8 /mi emission in turquoise. The arrow points to a bright 24 /mi source, which is also a UC H n region. 



Hn region (peak emission 3.7 Jy/beam; Fig. [24|. Two mid-IR 
sources lie nearby. The maser is observed in the direction of one 
of them, which is also an EGO (Cyganowski et al. 2009). No 
radio-continuum source is detected nearby. 

- N65: The maser is observed in the direction of the cen- 
ter of a 870 /mi condensation (emission peak 5.15 Jy/beam) lo- 
cated between the two bubbles N65 and N65bis (Fig. |2T] and 
Sect. 6.5). An UC Hn region, which is also a bright 24 /mi and 
70 /mi source, also lies at the center of this condensation. It was 
found by Kurtz et al. ([1994 ) to be composed of two unresolved 
(FWHM of the beam ~ 079) radio-continuum sources separated 
by 2". The high resolution observations of Cyganowsky et al. 
(2009) show that the maser is observed in the direction of an 
EGO with jets, possibly centered on one of the radio sources. As 
discussed by Cyganowsky et al. ((2009 ), the nature of this radio 
source is uncertain; it may be a hypercompact H n region or a 
dust core. 

The masers reported by Caswell et al. ( 1995 ) were observed 
with the Parkes 64-m telescope. Their positions have errors of 
smaller than 10" in each coordinate. They are: 

-N59: A maser lies in the direction of the brightest 870 /mi 
condensation (peak emission 4.0 Jy/beam), ~ 17" away from its 
center. This condensation contains an UC H n region in its very 
center, which is also a bright 24 /mi source. A second maser is 
associated with a secondary fainter 870 /mi condensation (peak 
emission 0.50 Jy/beam), which is surrounded by a bright rim 
at 8.0 /mi; the maser lies ~ 14" away from the condensation's 
center and ~ 8" away from a 24 //m source situated at the tip of 
the bright rim. 



- N61: A very bright 870 /mi condensation (peak emission 
5 1 .4 Jy/beam) is adjacent to this faint bubble. It contains a group 
of UC Hn regions (G34.3+0.2 A, B, C; Campbell et al. 2004) 
and two more classical (extended) H n regions. The maser lies 
~ 9" from the condensation's peak, on the border of the group 
of UC H n regions. (The UC H n regions lie near the center of the 
870 /mi condensation.) The 24 /mi emission is saturated. This 
condensation is a very active massive-star formation region. 

Six more masers associated with N67bis, N70, N71, N75, 
N79, and N91 were detected by Pandian et al. (120071 1 . This un- 
biased survey, carried out using the Arecibo radio telescope, is 
complete at the level of 0.27 Jy over the region / = 35.2° to 
53.7°, \b\ < 0.41°. The Arecibo beam was 40" (FWHM) and the 
pointing accuracy was 7". 

- The bubble N67bis is observed in the direction of a bright 
870 /mi condensation (peak intensity 2.1 Jy/beam) that is com- 
posed of three substructures. The whole condensation contains 
three radio sources (maximum separation ~ 80", ~ 4 pc for a dis- 
tance of 10.6 kpc, Table A. 2). The methanol maser is observed 
in the direction of one of the secondary peaks; it is not associ- 
ated with an UC H n region, but lies ~ 5" away from a 24 /mi 
source (Fig. 25 1. This region is an active massive-star formation, 
with three UC H n regions and a class II methanol maser inside 
a massive cloud of about 15000 M (the 870 //m emission, in- 
tegrated over a region enclosed by the 0. 1 Jy/beam level, gives a 
flux density of 23.5 Jy when we assume a distance of 10.6 kpc, 
Table A.2). 

- N70: An 870 //m condensation is adjacent to N70 (emission 
peak 2.55 Jy/beam). An UC H n region lies at the condensation's 



26 



L. Deharveng et aL: A gallery of bubbles 




18.9 18.85 

Galactic Longitude 

Fig. 24. N24bis2. Left: The 870 fim contour levels (0.1, 0.25, 0.5, 1.0, and 2.0 Jy/beam) are superimposed on the 24 fim image. The 
6.7 GHz methanol maser, observed in the direction of an EGO, is at the center of the cross. Right: Composite colour image with the 
24 fim emission in red and the 8 fim emission in turquoise. 
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N67bis 




Fig. 25. N67bis, a region of active massive-star formation. Left: 870 fim emission; the contour levels are 0.1, 0.5, 1.0, 1.5, and 2.0 
Jy/beam. Middle: the 870 fim contour levels are superimposed on the MAGPIS 20-cm image. Right: Colour composite image with 
the 24 fim emission in red and the 8 //m emission in turquoise. The cross gives the position of the 6.7 GHz methanol maser (Pandian 
etal.,|2007]l. 



center. The maser lies ~ 17" from the condensation, in the di- 
rection of a faint 24 fim and 70 fim source. 

- N7 1 : Two methanol masers are detected on the border of 
the large and faint N7 1 bubble. They have very different veloci- 
ties, and thus cannot both be associated with N71. The velocity 
of the Hn region enclosed by N71 is unknown. We suggest that 
maser #1 is associated with the bubble as it is observed in the di- 
rection of a 870 fim condensation possibly linked to structures of 
the ionization front. The 870 fim peak emission is 1.6 Jy/beam. 
The condensation does not contain an UC H n region, but only a 
24 fim source at the very center of the condensation. The maser 
lies 17" away from the center. 

- N75 is adjacent to a 870 fim condensation (peak emis- 
sion 2.8 Jy/beam) that contains a compact H n region and bright 



24 fim sources. A methanol maser lies on the border of the con- 
densation, ~ 26" away from its center, on the border of the com- 
pact Hn region. The maser lies ~ 10" away from the closest 
24 fim source. 

- N79: This is a region of very faint 870 fim emission. The 
methanol maser lies in the direction of the PDR; it is not associ- 
ated with a 870 fim condensation, or an UC H n region, and lies 
~ 8" away from a faint 24 fim source. 

- N91: A bright 870 fim condensation containing an UC Hn 
region and a methanol maser lies adjacent to the PDR of N91 
(maximum emission 2.6 Jy/beam; Fig 23 i The methanol maser 
lies ~ 17" away from the center of the condensation, and ~ 13" 
away from the UC H n region. 
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Three masers associated with N35, N58, and N69 were ob- 
served by Szymczak et al. d2002l l. using the Torun 32-m tele- 
scope. According to the authors, the positional accuracy is better 
than 30". 

- N35: A maser lies in the direction of a faint filament 
(870 fim emission 0.24 Jy/beam), adjacent to the PDR. There 
is no nearby UC H n region or 24 fim source. 

- N58: This small bubble lies near the center of a 870 fim 
condensation (peak emission 2.4 Jy/beam). The maser is on the 
border of this condensation, ~ 34" away from its center, outside 
the ionized region. No 24 fim source is present nearby. 

- N69: The maser lies on the border of an 870 fim conden- 
sation (peak emission 1.2 Jy/beam), situated on the open side 
of N69. The condensation contains no UC H n region, but does 
have a bright 24 fim source. The maser lies ~ 30" away from the 
center of the condensation; it has no 24 fim counterpart. 

Two more masers were detected by Xu et al. (2008) asso- 
ciated with N32 and N39. They have been observed with the 
Effelsberg 100 m-telescope. According to Xu et al. (2008]), the 
masers' positions may have an error as high as 1'. 

- N32: The maser is situated on the border of N32. No 24 fim 
source is observed nearby. There is an 870 fim condensation 
(peak emission 1.6 Jy/beam) adjacent to N32, containing an UC 
Hn region. The maser lies ~ 50" away from the condensation's 
peak emission and ~ 38" away from the UC H n region's center. 

- N39: A maser lies on the border of an 870 fim condensa- 
tion located at the waist of the bipolar nebula (peak emission 
3.0 Jy/beam). The maser lies ~ 23" away from the conden- 
sation's peak, in a region of high radio emission and saturated 
24 fim emission. 

Four more masers were observed in the direction of IRAS 
sources that heve characteristics similsr to UC H n regions, by 
Szymczak et al. (120001) and Slysh et al. (11999b . Because of the 
relatively poor positional accuracy of IRAS, the positions of 
these masers are rather uncertain. They are: 

- N10: A maser is observed on the border of one of the two 
bright 870 fim condensations adjacent to the bubble. It lies ~ 3 1" 
away from the peak emission (signal 4.7 Jy/beam). No UC Hn 
region and no 24 fim sources are observed nearby (the nearest 
24 fim source lies ~ 18" away from the maser). 

- N12: A maser lies not far from the PDR, but inside the 
bubble, in a region where no 870 fim emission is detected, and 
far from any 24 fim source. 

- N22: The maser is not linked to the bubble, as it has a very 
different velocity (see Table A. 2). 

- N55: A maser lies inside the adjacent 870 fim condensation 
(peak emission 2.3 Jy/beam), ~ 9" from the condensation's 
center. This condensation is an active massive-star formation 
region as it contains two UC Hn regions and several bright 
24 fim sources. The maser lies between the two UC H n regions, 
within 10" of the closest one. 

These class II methanol masers are most often observed 



in the direction of 870 fim condensations. Figure 26 gives the 
870 fim flux density at the peak of these condensations. The 
condensations in the directions of UC H n regions (detected by 
MAGPIS) appear in black. Condensations without any UC radio 
sources appear in light grey. Figure [26] shows that most of the 
condensations containing UC H n regions and class II methanol 
masers have high column densities, in the range 5 x 10 22 to 



0.5 Jy/beam indicating column densities in the range 2.6 xlO 21 - 
1.3 xl0 22 cnr 2 ). 

Many of the bright 870 fim condensations containing a class 
II methanol maser are very active massive-star forming regions. 
They often contain several young massive objects in different 
evolutionary stages: various masers, and UC and compact Hn 
regions. The condensation associated with N67bis is a good il- 
lustration of such a region (Fig. |25) . Similar condensations are 
found near N2, N36, N55, N59, and N61. 

A few class II methanol masers are found in quite different 
regions, associated with a bright rim (N59, N71), in a region 
of high compression between two bubbles (N65). Some are 
even seen in directions of dim 870 fim emission such as those 
associated with N12, N35, and N79 (their positions, however, 
are possibly not very accurate). 

The presence of 6.7 GHz methanol masers in dust condensa- 
tions adjacent to the bubbles is a strong indicator of massive-star 
formation presently at work. As discussed by Breen et al. d2010l l. 
6.7 GHz methanol masers appear before the formation of a de- 
tectable UC H ii region, and are still present at the beginning of 
their evolution; their lifetime is short, < 5 x 10 4 yr. Thus, they 
are much younger than the classical H n regions enclosed by the 
bubbles (with ages of a few Myrs). 

At least 12 bubbles show class II methanol masers in the 
direction of condensations interacting with the enclosed H n re- 
gions. They are good candidates for triggered massive-star for- 
mation. They are N2, N10, N24bis2, N36, N39, N49, N52, N59, 
N65, N69, N71, andN91. 



6.7. Infrared dark clouds (IRDCs) 

IRDCs were discovered by the ISO and MSX surveys as 
structures seen in absorption against the bright Galactic mid-IR 
background (Perault et al. [T99"6l Carey et al. [19981 . IRDCs 
may contain dense, cold, and massive cores which are often 
presented as the locations where clusters and high-mass stars 
form (Chambers et al. 120091 and references therein; Peretto 
&Fuller l2009l l. 

Several of the possible second-generation UC Hn regions 
described above are seen in the direction of bright molecular 
condensations, with high column densities at the peak. This is 
the case for the UC Hn region G24.789+00.082 on the border 
of N36. The column density in this direction is N(H2)= 4.13 x 
10 23 cm~ 2 (corresponding to a visual extinction Ay ~ 221 mag). 
However, as shown in Fig. 27 this condensation does not appear 
to be an IRDC at 8.0 fim (or 24 fim) because it lies in the direc- 
tion of the bright PDR of N36, and slightly at the back of the H n 
region. The foreground PDR emission hides any absorption. An 
IRDC is observed nearby (also detected in emission at 870 fim) 
that corresponds to the outer part of the condensation, far from 
the PDR. The same situation is observed for the condensation on 
the opposite side of N36. 

The situation is the same for the bright condensations at the 
border of N2 (N(H 2 )= 6.51 x 10 23 cm" 2 ), at the border of N59 



1.3 x 10 cm. These column densities are higher by a fac- 
tor ~10 than the column densities estimated in the direction of 
the shells of collected material. (The 870 fim flux densities in the 
collected shells, outside the condensations, are in the range 0.1- 



(N(H 2 )= 1 .02 x 10 23 cm" 2 ), at the border of N65 (N(H 2 )= 1 .33 x 
10 23 cm" 2 ), or at the border of N68 (N(H 2 )= 1.07 x 10 23 cm- 2 ). 
All these bright dust condensations do not appear as IRDCs. 

This situation was already observed in the RCW 120 bubble 
(Deharveng et al. 2009; their Fig. 3) where the brightest con- 
densation adjacent to the ionization front (condensation 1, with 
a peak column density of 4.2 x 10 23 cirr 2 ) is not observed as an 
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Fig. 26. Methanol masers: 870 fim flux density at the peak of the condensations in the directions of which 6.7 GHz methanol masers 
are detected. The nearby bubbles are identified by their number (e.g. "12" for N12). The black condensations also contain one or 
several UC Hn regions; no UC Hn regions have been detected in the direction of the light grey condensations. Note that the scale 
along the two axes differ by a factor ten. 
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Fig. 27. Dense condensations and IRDCs at the border of N36. 
The 870 /J.m contour levels are superimposed on the 8 //m im- 
age (sigma-0.09 Jy/beam; contour levels are 1, 3, 5, 10, 20, 40, 
and 60 tr). The dense condensation in the direction of the possi- 
ble second-generation UC H n region G24.789+00.082 does not 
appear as an IRDC. It lies in the direction of the bright PDR sur- 
rounding N36, and probably slightly behind it. The foreground 
bright 8.0 /im emission of the PDR hides the background absorp- 
tion caused by the condensation. 



IRDC, whereas the outskirts of this condensation, far from the 
IF, are observed in absorption at 8.0 yum. 

To conclude, not all massive condensations (where high- 
mass star formation may occur) appear as IRDCs. Many mas- 
sive condensations, adjacent to Hn regions, and slightly behind 
the ionized gas are not seen in absorption at 8.0 yum or 24 //m; 
this absorption is hidden by the emission of the PDR at these 
wavelengths. 



7. Conclusions 

We have studied 102 regions identified as "bubbles" on the 
Spitze r-GLIMPSE images at 8.0 fim. Most of these regions were 
catalogued by Churchwell et al. (2006). This large sample allows 
us to draw the following statistical conclusions: 

• At least 86% of the bubbles enclose Hn regions, detected 
in the MAGPIS and VGPS surveys at 20-cm as radio-continuum 



sources. Therefore, bubbles are clearly associated with Hn re- 
gions and their massive OB2 exciting stars. 

• Ninety-eight percent of the bubbles enclose hot dust ra- 
diating at 24 /im. This emission is more centrally peaked than 
the radio-continuum emission of the ionized gas. Therefore, 
dust grains are present inside the ionized region, where they are 
heated by the absorption of Lyman continuum photons emitted 
by the central exciting stars. However, this study alone cannot 
say wether this hot dust emission comes from big grains in ther- 
mal equilibrium or from very small grains out of equilibrium. 

• The cold dust emission at 870 yum, as traced by 
ATLASGAL, allows us to detect the dense (and often massive) 
condensations that are potential sites of star formation. In 65 
regions, we have high enough angular resolution to study the 
distribution of neutral material and dust in the vicinity of the 
bubbles. Forty percent of these 65 regions are surrounded by 
collected material forming a (partial) shell or a "necklace" of 
condensations around the ionized gas. Another 28% show inter- 
acting condensations, bordered by bright rims. These are possi- 
bly pre-existing condensations that are being compressed by the 
adjacent expanding H n regions. The association is uncertain for 
24% of the bubbles as we lack velocity information, and 8% of 
the bubbles present no detectable cold dust emission. 

• At least 13 bubbles (possibly 14) have been found to 
contain an UC H n region (or several of them) in the direction 
of their PDRs. These additional H n regions are located in dense 
condensations adjacent to the IFs. At least 12 bubbles show 
class II methanol masers in dense adjacent condensations (7 
bubbles with associated UC H n regions and methanol masers, 
plus 5 more bubbles with only methanol masers). These regions 
are good candidates for triggered massive-star formation. Thus, 
among the 65 H ii regions enclosed by bubbles, and for which 
the angular resolution of ATLASGAL is high enough to study 
the distribution of cold dust, more than a quarter may have 
triggered the formation of massive-stars. This indicates that 
massive-star formation triggered by H n regions may be a rather 
efficient process to form massive stars (either via collect and 
collapse or by radiative compression of pre-existing clumps). 
A detailed study of several of these regions will be given in a 
forthcoming paper. 

The very simple morphology of these regions also allows us 
to draw some morphological conclusions: 
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• We confirm that PAHs are destroyed in the ionized gas. 
PAHs are strong emitters at 8.0 fim in the PDRs surrounding the 
Hn regions for two reasons: i) they are excited by the far UV 
radiation leaking from the ionized regions; ii) there is a strong 
overdensity of neutral material just beyond the IF (by a factor 10 
to 100, Hosokawa & Inutsuka, |2005]|2jX)6a|!. 

• Hot dust is present inside the ionized zones. In many bub- 
bles, more than half of the 24 fim continuum emission comes 
from dust inside the H n region. Models of H n regions must take 
into account the absorption of Lyman continuum photons there. 
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Appendix A: The distance to the bubbles 

The distances to the H n regions in the center of the bubbles (or 
associated with them, see the footnotes) are given in Table A. 2. 
These distances are kinematic distances (based on the velocity 
of the ionized gas measured mostly using radio recombination 
lines, and assuming circular rotation around the Galactic center). 
All the regions belong to the first quadrant. Therefore, each pos- 
itive velocity has two possible distance solutions. This is known 
as the kinematic distance ambiguity (KDA). 

Seventy-four H n regions have a measured velocity and fifty- 
seven of them have the KDA resolved. Most of the distances 
given in Table A. 2 are from Anderson & Bania (2009), who re- 
solved the KDA using two methods, one comparing the velocity 
of the ionized gas with the maximum velocity of H i absorption 
(Hi emission/absorption), and one looking for Hi absorption at 
the velocity of molecular emission (H i self-absorption). We also 
used distances from Sewilo et al. (2004), who resolved the dis- 
tance ambiguity by comparing the velocity of the ionized gas 
with that of the H2CO absorbing material along the same line 
of sight. Additional velocity measurements are from the Green 



Bank Telescope Hn Region Discovery Survey (Anderson et al., 
2010a, in prep.). For these new measurements, the distance was 
derived using the H 1 emission/absorption method (Anderson et 
al., 2010b, in prep). When the KDA was not resolved, we indi- 
cate in Table A. 2 the two possible kinematic distances obtained 
using the Galactic rotation curve of Brand & Blitz (1993). In a 
few cases, two velocity components have been measured; they 
are both given in Table A. 2. 

Class II methanol masers (emitters at 6.7 GHz) are consid- 
ered as signposts of recent massive-star formation. Twenty-nine 
methanol masers have been detected in the vicinity of the bub- 
bles studied in this paper. Their coordinates and velocities are 
also given in Table A. 2. We also report in this Table the distances 
estimated by Pandian et al. (2008) for these masers. The KDA 
is resolved by comparing the maser velocity with the maximum 
velocity of the H 1 absorption in the same direction. 

The velocities of several bright 870 fj.m condensations have 
been measured by F. Wyrowsky and M. Wienen, using the 
NH3 (1,1) inversion line (Wienen, Wyrowski, Menten et al., in 
preparation). This information allows to confirm the association 
of the dust condensations with the nearby bubbles and Hn 
regions. These velocities are also given in Table A. 2. 

The distances to two bubbles are especially problematic. 
The bipolar bubble N52 (W43) has a recombination line ve- 
locity of 91.6 kms~' (Lockman 1989), which is near the tan- 
gent point velocity in this direction (105 kms~' according to 
Brand & Blitz 1993). Differentiating between the near and the 
far kinematic distances using H 1 absorption, as A&B have done, 
relies on the detection of H 1 absorption between the recombi- 
nation line velocity and the tangent point velocity. If these two 
velocities cannot be clearly separated, this method gives less re- 
liable results than when they can. A&B also used the Hi self- 
absorption method, this analysis favoring the near distance for 
N52, in agreement with Downes et al. ([1980) and Kuchar & 
Bania ([19941 

The H 11 region enclosed by N59 has a recombination line ve- 
locity of 87.4 kms -1 (Araya et al. 2002), which is near the tan- 
gent point velocity of 97.9 km s _I according to the Brand & Blitz 
(119931 ) rotation curve. There is, however, H 1 absorption from the 
H 11 region's continuum beyond the tangent point velocity, which 
favors the far distance. A&B assigned the near distance based on 
H 1 self-absorption alone since the H 1 absorption method is less 
reliable for sources with velocities near the tangent point veloc- 
ity than distinct from it. Pandian et al. (2008) favor the far dis- 
tance based on Hi absorption analysis. It seems likely, given the 
strong absorption at more than 10 kms~' from the recombina- 
tion line velocity, that N59 is at the far distance. 

Appendix B: Column density and mass estimated 
from the 870 //m dust emission 

In the following, we assume that the 870 //m emission arises 
from thermal dust grains. According to Hildebrand (1983}, the 
total (gas+dust) mass of a condensation is related to its flux den- 
sity S v by 

S 870 um 

M (gas+dust) = 100 — — -, 

"870/nnUdust) 

where D is the distance of the source, K870/jm is me dust opacity 
per unit mass at 870 fim, and B870/mi(7dust) is the Planck function 
for a temperature T^. For all the estimates in this paper, we as- 
sumed a gas-to-dust ratio of 100, a dust temperature of 20 K, and 
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an opacity KgjOfim = 1.8 cm 2 g -1 . All these values are uncertain 
and the subject of discussion. 

With the same assumptions, we can estimate the H 2 column 
density, Nf^h), from the surface brightness F^jq^, using the 
formula 

N(H 2 ) = 100 FH1 °" m 



XSlOfjm #870//m(Tdust) 2.8 m H O beam 



where F 870um is expressed in Jy beam -1 , Bs70/jm m Jy> N(Rz) is 
per square centimetre, the hydrogen atom mass me is in grams, 
and the beam solid angle Qbeam is in steradians. 

Adopting Obeam = 9.817 x 10~ 9 sr corresponding to a beam 
of 1972 (FWHM), and assuming r dust = 20 K, this gives 

JV(H 2 ) = 2.581 x 10 22 

From the classical relations, N(H + H 2 )/E(B - V) = 
5.8 x 10 21 particles cirT 2 mag 1 (Bohlin et al. 11978b and 
A v = 3.1 E(B - V), we obtain A v = 5.34 x 1(T 22 N(H 2 ) = 
13.78 F 870^,,,. 
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Table 1. Nature of the bubbles 



Name 


1(°) 


b(°) 


size (') 


radio emission 


24 /Lmi emission 


nature 


m 2 


10.231 


-0.305 


10 


Yes 


Yes 


H ii region 


N2 


10.747 


-0.468 


30 


Yes 


Yes 


H ii region, open bubble 


N3 


11.570 


+0.395 


10 


No 


Yes 


? 


N4 


11.892 


+0.748 


10 


Yes 


Yes 


H ii region 


N6 3 


12.512 


-0.609 


25 


? 


Yes (faint) 


?, two sources? 


N7 


12.787 


-0.167 


5 


No 


No 


? 


N8 


12.805 


-0.312 


5 


Yes 


Yes 


H ii region 


N8bis 


12.795 


-0.326 


idem 


No 


Yes 


? 


N9 


12.890 


-0.046 


5 


No 


Yes 


? 


N10 1 


13.188 


+0.039 


15 


Yes 


Yes (saturated) 


H ii region 


Nil 


13.218 


+0.082 


idem 


Yes 


Yes 


H ii region 


N12 


13.727 


-0.015 


20 


Yes 


Yes 


H ii region 


N13 


13.900 


-0.014 


5 


Yes 


Yes 


H ii region 


XT 1 A l 

N14 


1 a aao 

14.002 


A IOC 

-0.135 


1 A 

10 


Yes 


Yes (saturated) 


H ii region = Sh 44 


N15 1 


15.010 


-0.611 


10 


No 


? (faint) 


? 


N16 1 


15.017 


+0.056 


10 


Yes 


Yes 


H ii region, open bubble 


G15.68 


15.680 


-0.280 


30 


Yes 


Yes 


H ii region 


N18 


16.679 


-0.366 


20 


Yes 


Yes 


H ii region 


N20 1 


17.917 


-0.687 


10 


Yes 


Yes 


H ii region 


N21 1 4 


18.190 


-0.396 


10 


Yes 


Yes 


H ii region 


N22 1 


18.254 


-0.305 


10 


Yes 


Yes (saturated) 


H ii region 


N23 


18.679 


-0.237 


5 


Yes 


Yes 


H ii region 


N24 5 


19.000 


-0.326 


30 


Yes 


Yes 


H ii region, open bubble 


N24bisl 


19.066 


-0.278 


idem 


Yes 


Yes (saturated) 


UC H ii region 


N24bis2 


18.885 


-0.492 


idem 


Yes 


Yes 


H ii region 


N25 


19.507 


-0.191 


5 


Yes 


Yes 


H ii region 


N25bis 


19.494 


-0.206 


idem 


Yes 


Yes 


UC H ii region 


N26 


19.587 


-0.051 


5 


Yes 


Yes 


H ii region 


G19.82 


19.821 


-0.322 


5 


? 


Yes 


? 


N27 1 


19.814 


+0.017 


10 


Yes 


Yes 


H ii region 


N28 


21.351 


-0.137 


10 


Yes 


Yes 


H ii region 


N29 1 


23.055 


+0.559 


25 


Yes 


Yes 


H ii region 


NT ^2 1 

Nil 


23.543 


+u.uy / 


1 A 


Yes 


Yes 


H ii region 


N32 


T2 aac 


i a ata 
+U.U/U 


c 

J 


Vat. 

Yes 


Yes 


H ii region 


N33 


24.21 j 


a c\a a 
— U.U44 


c 

J 


Yes 


Van 

Yes 


H ii region 


XTO A 1 

N34 


24.295 


-0.170 


1 A 

10 


Yes 


X7 

Yes 


H ii region, two sources? 


N35 1 


24.513 


+0.241 


15 


Yes 


Yes 


H ii region 


N36 1 


24.837 


+0.090 


10 


Yes 


Yes (saturated) 


H ii region, open bubble 


N37 1 


25.292 


+0.293 


10 


Yes 


Yes 


H ii region, open bubble 


N39 1 


25.364 


-0.160 


10 


Yes 


Yes (saturated) 


bipolar H n region 


N40 1 6 


25.369 


-0.365 


10 


Yes 


Yes 


H ii region, two sources? 


N41 


26.266 


+0.282 


5 


Yes 


Yes 


H ii region 


N42 


26.329 


-0.071 


5 


Yes 


Yes 


H ii region 


IN 4 J 


zo.jy / 


• a aqq 


c 

J 


Yes 


Yes 


H ii region 


XT /I A 1 

N44 


26.821 


+0.382 


1 A 

10 


Yes (taint) 


Yes 


H ii region 


XT /I C 1 

N45 


26.991 


A ACT 

-0.053 


1 A 

10 


Yes 


X7 

Yes 


H ii region 


XT A C 1 

N46 


17 T1A 

2/. 310 


A 1 1 A 

-0.110 


1 A 

10 


Yes 


Yes 


H ii region, open bubble 


N47 1 


28.025 


-0.031 


20 


Yes 


Yes 


H ii region 


XT A O 

N48 




i A 1 Cyl 
+0.154 


1 A 
10 


f 


Yes 


i 


N49 1 


28.827 


-0.229 


10 


Yes 


Yes 


H ii region 


NjU 


an AA1 


i a Am 

+u.uy / 


1 A 
1U 


Yes 


Yes 


H ii region, open bubble 


N51 1 


29.158 


-0.262 


10 


No 


Yes 


? 


G30.250 


30.250 


+0.240 


5 


Yes 


Yes 


H ii region 


N52 1 7 


30.749 


-0.019 


20 


Yes 


Yes (saturated) 


H ii region 


N53 1 


31.157 


-0.145 


5 


Yes 


Yes 


H ii region 


G31.16 


31.165 


-0.127 


15 


Yes 


Yes 


H ii region 


N54 1 


31.164 


+0.292 


10 


Yes 


Yes 


H ii region 


N55 


32.098 


+0.091 


5 


Yes 


Yes 


H ii region 
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Name 


in 


b(°) 


size (') 


radio emission 


24 jim emission 


nature 


N56 1 


32.583 


+0.002 


10 


Yes 


Yes 


H ii region 


N57 


32.763 


-0.150 


5 


Yes 


Yes 


H ii region 


N58 


32.990 


+0.040 


5 


Yes 


Yes 


H ii region 


N59 


33.071 


-0.075 


20 


Yes 


Yes 


H ii region 


N60 


33.814 


-0.150 


5 


Yes 


Yes 


H ii region 


N61 1 


34.157 


+0.140 


20 


Yes 


Yes 


H ii region 


N62 1 


34.334 


+0.216 


10 


Yes 


Yes 


H ii region 


N64 


34.760 


-0.669 


20 


Yes 


Yes 


H ii region 


N64bis 


34.695 


-0.653 


idem 


7 


Yes 


? 


N65 1 


35.000 


+0.332 


15 


Yes 


Yes 


H ii region 


N65bis 


35.062 


+0.336 


idem 


Yes 


Yes 


H ii region 


N66 


35.259 


+0.119 


5 


Yes 


Yes 


H ii region 


N67 


35.543 


+0.011 


10 


Yes 


Yes 


H ii region 


N67bis 


35.573 


+0.068 


idem 


Yes 


Yes 


H ii region 


N68 


35.654 


-0.062 


15 


Yes 


Yes 


H ii region 


N69 


36.187 


+0.648 


30 


Yes 


Yes 


H ii region, 


N70 


37.751 


-0.112 


5 


Yes 


Yes 


H ii region 


N71 


38.290 


+0.007 


20 


? 


Yes (faint) 


7 


N72 


38.352 


-0.133 


5 


Yes 


Yes 


H ii region 


N73 


38.739 


-0.137 


10 


Yes 


Yes 


H ii region 


N74 1 


38.909 


-0.437 


20 


Yes 


Yes 


H ii region 


N75 


38.928 


-0.387 




Yes 


Yes 


H ii region 


N76 


38.955 


-0.731 


20 


Yes 


Yes 


H ii region 


N77 1 


40.421 


-0.056 


10 


Yes 


Yes 


H ii region 


N78 


41.229 


+0.170 


5 


Yes 


Yes 


H ii region 


N79 1 


41.514 


+0.030 


10 


Yes 


Yes 


H ii region 


N80 1 


41.930 


+0.031 


10 


Yes 


Yes 


H ii region 


N81 


42.003 


-0.512 


25 


Yes 


Yes (faint) 


H ii region 


N82 1 


42.102 


-0.623 


idem 


Yes 


Yes 


H ii region 


N83 


42.113 


-0.442 


idem 


Yes 


Yes 


H ii region 


N84 1 


42.831 


-0.161 


10 


? 


Yes 


? 


N85 


43.074 


-0.017 


10 


7 


Yes 


7 


N86 


43.097 


-0.040 


idem 


Yes 


Yes 


H ii region 


N87 


43.218 


+0.107 


5 


7 


Yes 


7 


N89 


43.739 


+0.114 


25 


Yes 


Yes 


H ii region 


N90 1 


43.774 


+0.059 


idem 


Yes 


Yes 


H ii region 


N91 


44.211 


+0.050 


20 


Yes 


Yes 


H ii region, 


N92 1 


44.333 


-0.839 


10 


Yes 


Yes 


H ii region, 


N93 


44.777 


-0.550 


10 


Yes 


Yes 


H ii region 


N94 1 


44.818 


-0.500 


15 


Yes 


Yes 


H ii region, 


N95 


45.393 


-0.717 


10 


Yes 


Yes 


H ii region 


N96 


46.947 


+0.368 


5 


Yes 


Yes 


H ii region 


N97 


46.951 


+0.312 


20 


Yes 


Yes 


H ii region, 


N98 


47.027 


+0.219 


10 


Yes 


Yes 


H ii region 



open bubble 



open bubble 
open bubble 

open bubble 
open bubble 



1 The CO environment of these bubbles was studied by Beaumont & Williams (2010). 

2 Nl belongs to the W31 complex, which contains the nearby bright Hn region G10. 16-0.35. 

3 N6 possibly consists of two different structures, an open bubble in the north and a filament in the south; the radio emission seems to be 
associated with the filament. 

4 N21 & N22 belong to a large group of H n regions, among them SH2-53 (Sharpless 1959 1. 

s N24 is in the test field of the general paper describing the ATLASGAL survey (Schuller et al. 2009). 

6 N40 probably encloses two distinct H ii regions (centered at 25.384-0.328 and 25.377-0.357), as two regions of extended 24 jim emission are 
observed in its direction. 

7 N52 is part of the W43 complex. 
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Table 2. Velocities and distances 



Name 


CH06 coordinates 


coordinates 
(2000) 


r 1 

rets 1 


velocity 
(km s" 1 ) 


distance 
kpc) 


comments 


Nl 2 


10.231-0.305 


10.232-0.301 


A+ 


11.7 


2.0/14.8 


H n region 






10.16-0.35 


S+ 


12.5 


14.6 


nearby H n region 






18:09:20.63 -20:15:04.5 


WW 


12.01 




dust condensation 






18:09:24.52 -20:15:41.5 


WW 


11.23 




dust condensation 


N2 


10.737-0.468 


10.664-0.467 


L89 


-2.4 




H ii region 






18:10:25.71 -19:56:04.5 


WW 


-3.21 




dust condensation #1 






18:10:35.00-19:55:51.6 


WW 


-2.91 




dust condensation #1 






18:10:29.24-19:55:41.3 


W98 


2.2-5.9 




methanol maser 






18:10:18.58 -19:54:24.6 


WW 


-4.19 




dust condensation #2 






18:10:15.63 -19:54:46.7 


WW 


-4.62 




dust condensation #2 






18:10:17.99-19:54:04.2 


W98 


-6.2, -8.0 




methanol maser 






18:10:29.80-19:49:03.6 


WW 


-1.49 




dust condensation #3 






18:10:18.60-19:50:16.1 


WW 


-1.53 




dust shell 






18:10:36.53 -19:57:05.9 


WW 


-1.60 




dust shell 






18:10:55.17 -19:58:35.1 


WW 


-2.89 




dust shell 






18:10:56.40-19:59:19.3 


WW 


-2.82 




dust shell 






18:10:58.19 -19:58:58.3 


WW 


-3.76 




dust shell 


N4 3 


11.892 +0.748 


11.898 +0.747 


L89 


25.1 


3.15/13.48 


H ii region 






18:08:55.05-18:14:32.6 


WW 


24.84 




dust condensation 


N6 


12.512-0.609 


12.446-0.619 


L89 


40.0 


4.12/12.49 


H ii region 






18:14:24.04-18:24:43.9 


WW 


45.99 




dust condensation 


N8 


12.805-0.312 


18:14:40.10-17:59:17.7 


WW 


13.81 




dust condensation 


N10 


13.188+0.039 


13.186+0.045 


L89 


54.1 




H ii region 






18:14:00.92-17:28:41.3 


WW 


49.16 




dust condensation #1 








P08+ 


48-49 


4.6 


methanol maser 






18:14:00.8 -17:28:05 


SZY00 


48.5 




methanol maser 






18:14:10.16 -17:27:20.6 


WW 


51.84 




dust condensation #2 


Nil 


13.218+0.082 


13.231+0.082 


A+ 


54.0 


4.7/11.8 


H ii region 


N12 


13.727-0.015 


18:15:30.2 -17:03:58 


SZY00 


51.9 


4.4/11.9 


methanol maser 






18:15:37.63-17:04:24.7 


WW 


47.13 




dust condensation 


N13 


13.900-0.014 


13.886 -0.017 


L89 


32.6 


3.43/13.07 


H ii region 


N14 4 


14.002 -0.135 


13.998 -0.128 


L89 


36.0 


3.65/12.85 


H ii region 






18:16:22.91 -16:51:56.4 


WW 


39.97 




dust condensation 






18:16:24.23 -16:49:49.1 


WW 


41.06 




dust condensation 






18:16:32.89-16:51:22.1 


WW 


41.32 




dust concensation 


N16 


15.017+0.056 


15.00+0.05 


A&B 


26.5 


13.7 


H ii region 






18:17:50.52 -15:53:33.0 


WW 


24.58 




dust condensation 


G15.68 


15.680-0.28 


15.64-0.24 


A&B 


61.8 


11.5 


H ii region 


N18 5 


16.679-0.366 


16.61-0.32 


A&B 


44.9 


12.4 


H ii region 


N20 


17.917-0.687 


17.928-0.677 


A+ 


39.1 


12.8 


H ii region 


N21 


18.190-0.396 


18.19-0.40 


A&B 


43.2 


3.6 


H ii region 






18:25:19.37-13:12:46.9 


WW 


49.1 




dust condensation 






18:25:21.56-13:13:39.6 


WW 


46.95 




dust condensation 


N22 


18.254-0.305 


18.26-0.30 


A&B 


50.9 


4.0 


H ii region 






18:25:01.48 -13:09:06.4 


WW 


66.7 




dust condensation 






18:25:05.54-13:08:19.8 


WW 


68.31 




dust condensation 






18:25:06.45 -13:08:51.3 


WW 


67.75 




dust condensation 






18:25:11.25 -13:08:04.4 


WW 


68.55 




dust condensation 






18:25:13.3 -13:09:16 


SZY00 


75.2 




methanol maser 


Sh2-53 




18.143-0.289 


K 


53.9 


4.3 


H ii region near N21, N22 


N23 


18.679-0.237 


18.677-0.236 


A+ 


42.6, 61.9 




H ii region 


N24 6 


19.000-0.326 


19.044-0.431 


L89 


65.8 




large H n region 






19.12-0.34 


S+ 


63.5 


4.6 


large H ii region 






18:26:15.14-12:41:36.4 


WW 


65.49 




dust condensation 






18:26:23.47 -12:39:42.2 


WW 


63.45 




dust condensations 


N24bisl 


19.070-0.279 


19.07-0.27 


A&B 


64.2 


4.6 


UC H ii region 






19.07-0.28 


s+ 


64.2 


4.7 


UC H ii region 






18:26:46.31 -12:26:27.3 


WW 


66.0 




dust condensation 
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Name 


CH06 coordinates 


coordinates 


refs 1 


velocity 


distance 


comments 






(2000) 




(km s- 1 ) 


(kpc) 




N24bis2 


19.070-0.279 


18.881-0.493 


L89 


65.5 




compact H n region 






18:26:58.87 -12:44:49.3 


WW 


63.27 




dust condensation 






18:27:02.74-12:45:12.2 


WW 


65.2 




dust condensation 






18:27:05.69-12:43:10.8 


WW 


65.43 




dust condensation 






18:27:07.49-12:41:41.7 


WW 


66.08 




dust condensation 






18:27:07.83-12:41:35.9 


CY 


56.46 




methanol maser 






18:27:09.27 -12:42:36.6 


WW 


65.5 




dust condensation 






18:27:14.60-12:43:10.8 


WW 


66.21 




dust condensation 


N25 


19.507-0.191 


19.504-0.193 


A+ 


37.8 


12.8 


H n region 


G19.82 


19.821-0.322 


18:28:23.79-11:47:36.1 


WW 


44.75 




dust condensation 


N27 


19.814+0.017 


19.813 +0.010 


A+ 


60.4, 118.0 




H ii region 


N29 


23.055+0.559 


23.12+0.56 


A&B 


29.5 


2.2 


H ii region 


N31 


23.843+0.097 


23.836 +0.104 


A+ 


41.9, 114.3 




H ii region 


N32 


23.905+0.070 


23.91 +0.07 


A&B 


32.8 


13.1 


H ii region 






23.91 +0.07 


A&B 


103.4 


9.4 


H ii region 






18:34:36.18 -08:01:02.4 


WW 


41.03 




dust condensation 






18:34:37.06 -08:00:21.4 


WW 


39.25 




dust condensation 






18:34:38.2 -07:59:35 


X+ 


35.7 




methanol maser 


N33 


24.215-0.044 


24.22-0.05 


A&B 


82.0 


10.4 


H ii region 


N34 


24.295-0.170 


24.30-0.15 


A&B 


55.5 


11.7 


H ii region 






18:36:07.97 -07:45:01.6 


WW 


53.64 




dust condensation 


N35 


24.513+0.241 


24.48+0.21 


A&B 


115.7 


8.6 


H ii region 






18:35:11.28 -07:26:41.1 


WW 


119.08 




dust condensation 






18:34:53.0 -07:19:11 


SZY02 


106.2 




methanol maser 


N36 


24.837+0.090 


24.81+0.10 


A&B 


108.6 


6.4 


H ii region 






24.78 +0.08 


P08+ 


106-115 


6.1 


methanol maser 






18:36:12.57 -07:12:11.5 


W98 


106.7-114.6 




methanol maser 


N37 


25.292+0.293 


25.29+0.31 


A&B 


39.6 


12.6 


H ii region 


N39 7 


25.364-0.160 


25.38-0.18 


A&B 


57.1 


3.8 


large H n region 






25.30-0.14 


A&B 


98.4 


5.9 


compact H n region 






18:38:14.3-06:47:47 


X+ 


58.2 




methanol maser 


N40 


25.369-0.365 


25.39-0.35 


A&B 


62.1 


11.3 


H ii region 


N41 


26.266+0.282 


26.261+0.280 


A+ 


88.6, 117.0 




H ii region 


N42 


26.329-0.071 


26.330-0.071 


A+ 


100.9 


5.9/9.3 


H ii region 


N43 


26.597+0.098 


26.60+0.09 


A&B 


102.5 


9.0 


H ii region 


N44 


26.821+0.382 


26.824+0.380 


A+ 


82.0 


5.0/10.1 


H ii region 


N45 


26.991-0.053 


26.98-0.07 


A&B 


79.9 


10.2 


H ii region 






18:40:46.55 -05:21:05.4 


WW 


81.85 




dust condensation 


N46 


27.310-0.110 


27.31-0.14 


A&B 


92.3 


5.6 


H ii region 






18:41:51.15-05:01:42.5 


WW 


91.21 




dust condensation 


N47 


28.025-0.031 


28.00-0.03 


A&B 


99.9 


8.9 


H ii region 


N49 


28.827-0.229 


28.82-0.23 


A&B 


90.6 


5.5 


H ii region 






18:44:51.0 -03:45:53.5 


WW 


86.71 




dust condensation #1 






18:44:51.08 -03:45:48.5 


CY 


83.48 




methanol maser 






18:44:51.8 -03:45:10 


WW 


87.99 




dust condensation #2 






18:44:46.6 -03:44:20 


WW 


96.34 




dust condensation #3 






18:44:47.6 -03:44:49 


c+ 


100 




methanol maser 






18:44:42.5 -03:44:21 


WW 


85.89 




dust condensation #4 


N50 


29.001+0.097 


29.007+0.076 


A+ 


67.7 


10.6 


H ii region 


G30.250 


30.250+0.240 


30.249+0.243 


A+ 


8.9, (90.8) 


14.0 


H ii region 


N52 8 


30.749-0.019 


30.78-0.03 


A&B 


91.6 


5.7 


large H n region 






18:47:28.42 -02:01:00 


WW 


89.48 




dust condensation 






18:47:36.15 -02:00:58 


WW 


91.27 




dust condensation 






18:47:38.93 -01:58:32 


WW 


94.53 




dust condensation 






18:47:39.73 -01:57:21.9 


W98 


91.8 




methanol maser 






18:47:41.42 -02:00:42 


WW 


93.89 




dust condensation 






18:47:36.80 -02:00:49.0 


W98 


88.0 




methanol maser 






18:47:46.98 -01:54:19.6 


W98 


101.2 




metanol maser 






30.82-0.05 


P08+ 


105.7 


9.0 


methanol maser 
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Name 


CH06 coordinates 


coordinates 


rers 1 


velocity 


distance 


comments 






(2000) 




(km s l ) 


(kpc) 








18:47:29.9 -01:54:39 


X+ 


95.1 




methanol maser 


N53 9 


31.157-0.145 


31.157-0.148 


A+ 


43.6, (101.6) 


11.6 


H n region 


G31.16 


31.165-0.127 


31.17-0.13 


A&B 


41.4 


11.9 


H ii region 


N54 


31.164+0.292 


31.13+0.28 


A&B 


104.7 


7.3 


H ii region 


N55 10 


32.098+0.091 


32.11+0.09 


A&B 


93.0 


8.4 


nearby UC H ii region 






18:49:36.7 -00:41:05 


SLY99 


93.2 




methanol maser 


N56 


32.583+0.002 


32.587+0.006 


A+ 


78.1 


9.4 


H ii region 


N57 


32.763-0.150 


32.761-0.151 


A+ 


30.1 


2.1/12.2 


H ii region 


N58 


32.990+0.040 


32.99+0.04 


A&B 


89.0 


8.6 


H ii region 






18:51:23 +00:03:46 


SZY02 


92.0 




methanol maser 








P08+ 


89-93 


8.7 


methanol maser 


N59 11 


33.071-0.075 


33.13-0.09 


A&B 


87.4 


5.6 


H ii region + UC H n 






33.129-0.094 


L89 


93.8 




H ii region + UC H n 






18:52:07.3 +00:08:05 


C+ 


73 




methanol maser 








P08+ 


71-81 


8.7 


methanol maser 






33.20-0.01 


A&B 


105.8 


7.1 


nearby compact H n region 






18:51:58.8 +00:06:31 


C+ 


96 




methanol maser 


N60 


33.814-0.150 


33.810-0.154 


A+ 


50.0 


10.8 


H ii region 


N61 12 


34.157+0.140 


34.26+0.15 


A&B 


54.0 


3.4 


nearby UC H n region 






18:53:19.0 +01:14:52 


C+ 


58 




methanol maser 


N62 13 


34.334+0.216 


34.325+0.211 


A+ 


62.9 


4.1/10.0 


H ii region 






34.40+0.23 


A&B 


60.1 


10.3 


nearby UC H n region 






34.4+0.2 


R+ 




3.7 


nearby IRDC 


N64 


34.760-0.669 


34.76-0.68 


A&B 


52.1 


3.2 


H ii region 


N65 


35.000+0.332 


35.02+0.35 


A&B 


57.2 


3.6 


H ii region + UC H n 






18:54:00.66 +02:01:19.3 


CY 


44.36 




methanol maser 






18:54:01.3 +02:01:28 


P+ 


44.4 




methanol maser 


N66 


35.259+0.119 


35.260+0.122 


A+ 


36.2 


11.4 


H ii region 


N67 


35.543+0.011 


35.541+0.005 


A+ 


57.6 


10.1 


H ii region 


N67bis 


35.573+0.068 


35.57+0.07 


A&B 


51.8 


10.6 


H ii region 






18:56:04.3 +02:23:28 


P+ 


45.9 




methanol maser 


N68 


35.654-0.062 


35.67-0.04 


A&B 


51.9 


10.6 


H ii region 


N69 


36.187+0.648 


36.29+0.73 


A&B 


76.5 


4.9 


H ii region 






18:55:15.6 +03:04:42 


SZY02 


73.0 




methanol maser 


N70 


37.751-0.112 


37.75-0.10 


A&B 


49.7 


10.4 


H ii region 






19:00:38.0 +04:13:18 


P+ 


50.3 




methanol maser 


N71 


38.290+0.007 


19:01:20.1 +04:39:37 


P+ 


79.6 




methanol maser 1 






19:01:27.2 +04:42:09 


P+ 


15.4 




methanol maser 2 


N73 


38.739-0.137 


38.738-0.140 


A+ 


60.9 


9.2 


H ii region 


N74 


38.909-0.437 


19:03:39.7 +05:09:36 


P+ 


31.9 




methanol maser 


N75 


38.928-0.387 


38.930-0.386 


A+ 


42.1 


2.8/10.4 


H ii region 


N78 


41.229+0.170 


41.229+0.170 


A+ 


22.9 


1.5/11.2 


H ii region 


N79 


41.514+0.030 


41.52+0.03 


A&B 


17.7 


12.1 


H ii region 






19:07:09.4 +07:42:19 


P+ 


11.9 




methanol maser 


N80 


41.930+0.031 


41.928+0.029 


A+ 


20.7 


11.2 


H ii region 


N81 14 


42.003-0.512 








8.1 




N82 


42.102-0.623 


42.1—0.62 


A&B 


66.0 


8.1 


H ii region 


N83 


42.113-0.442 


42.11-0.44 


A&B 


53.4 


9.2 


H ii region 


N90 


43.774+0.059 


43.770+0.070 


A+ 


70.5 


6.1 


H ii region 


N91 


44.211+0.050 


44.26+0.10 


A&B 


59.6 


8.1 


H ii region 






19:12:16.4+10:07:44 


P+ 


55.7 




methanol maser 


N92 


44.333-0.839 


44.339-0.827 


A+ 


62.5 


6.1 


H ii region 


N94 


44.818-0.500 


44.79-0.49 


A&B 


44.8 


9.3 


H ii region 


N95 


45.393-0.717 


45.386-0.726 


A+ 


52.5 


8.0 


H ii region 


N96 


46.947+0.368 


46.948+0.374 


A+ 


-45.2 


16.2 


H ii region 


N98 


47.027+0.219 


47.028+0.232 


A+ 


56.9 


5.8 


H ii region 
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Name 


CH06 coordinates coordinates 
(2000) 


refs 1 


velocity 
(km s" 1 ) 


distance 
(kpc) 


comments 





1 References: A&B: Anderson and Bania J2009t; C +: Caswell et al. ( fT995l; CY: Cyganowsky et al. (|2009t ; K: Kolpak et al. (2003; A+: 
Anderson et al. (in p reparation); L89: Lockm an dl989b : P+: Pandian et a l. J2007t : P08+: Pandian et al. J2008t; R +: Rathborne et al. ( 12005b : S+: 
Sewilo et al. ( t2D04l ; SLY: Slys h et al . 09991 ; SZY0 0: Szy mczak et al. ( 120001 : SZY02: Szymczak et al. ( |2002T >; WW: Wienen & Wyrowski, in 
preparation; W98: Walsh et al. ( [19981 : X+: Xu et al. i2008l . 

2 Nl: the first velocity measurement concerns the nearby Hn region G10. 16-0.35, and not directly Nl. The distance of 3.4 kpc is that of the 
exciting cluster of G10.16-0.35 (Blum et al. l200TV 

3 N4: we favor the near distance as Ho- emission is observed. 

4 N14: we favor the near distance as Ho- emission is observed. 

3 N18: the distance is uncertain as the confidence parameters given by A&B are not good. 

6 N24 is a large open bubble. The velocity has been measured in several directions at its border. Two of these are the directions of the UC H n 
regions (N24bisl and N24bis2). These UC Hn regions are most probably physically associated with N24, as they present very similar velocities. 

7 N39 is a large bipolar nebula, on the border of which lies an UC H n region at 25.397-0. 140. This H n region is probably not associated with 
N39, as it presents a different velocity. 

8 N52: the detailed velocity field of the ionized gas is given by Balser et al. (2001 ), and the velocity field of the molecular material by Motte et 
al. (20031 . 

9 N53 lies on the border of the large G31. 165-0. 127 Hn region; they are probably linked as they present similar velocities. 

10 N55 lies adjacent to a dense core containing several UC H n regions. The measured velocity is that of one of these UC H n region. 

11 N59 is a large bubble. The second observed direction is that of a compact Hn region, on the border of the large bubble. They are possibly 
associated. 

12 N61 is a large and faint bubble. The measured velocity is that of a nearby UC Hn region. They are most probably associated as they lie on 
each side of an interacting filament. 

13 The distance of N62 is uncertain. Rathborne et al. (2005 ) assumed that the nearby IRDC, adjacent to N62 and containing the G34.4+0.2 UC 
H ii region, is at the near kinematical distance; A&B put the UC H n region at the far distance, but their confidence parameter is not good. 

14 N81 is a large and faint bubble. N82 and N83 are observed respectively on the border and inside the bubble. N82 is clearly linked to N81, on 
morphological basis. The association is doubful for N83. We adopt for N81 the distance of N82. 



